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1.0 Summary

This report summarizes research in the development of new micromachining
techniques and fabrication technologies for the construction of plastic MEMS devices.
Plastic MEMS are of major importance in the implementation of miniature chemical
reaction systems, such as DNA diagnostic, bacteriophage, and other bio-assays chips. For
example, they can play an increasingly important role as soft, deformable, distributed,
and artificial muscle actuators used as active elements in microfluidic valves. Further,
because of their low temperature construction, plastic MEMS devices can be integrated
with conventional electronic circuits easily and inexpensively.

Despite the potentially wide applicability of plastic materials in MEMS to date,
there are no, in general, micromachining techniques specific for plastic or organic
MEMS. Unlike silicon and other inorganic materials, plastic materials require special
surface and bulk micromachining techniques because of their intrinsic low temperature
constraints, high susceptibility to swelling and deformation, and low resistance to
etchants. The work presented in this report covers these important missing processing
techniques.
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Figure 1: Organization and scope of work.

Under this work, we have developed two types of complementary plastic
microfabrication technologies based on (a) surface micromachining (lithographic) and (b)
microcasting methods. These two technologies are complementary since lithographic
methods are required for plastic devices with multiple layers (hence requiring precise
alignment) and molding techniques are needed for definition of large features on
substrates and thicker layers.

The application of these fabrication technologies has been implemented in both
passive and active plastic MEMS. Passive and active systems are constructed on glass or
plastic substrates while active systems can also be integrated with electronic substrates.
Figure 1 shows the organization and scope of the work. Using the fabrication techniques
that were developed during the research effort, we have adopted microfluidic systems and
actuators as technology demonstrations, because of the large number of military and



commercial applications. Several plastic microfluidic devices, including polymer
activated microactuators, microvalves, a micropump, a polymerase chain reaction system,
and an electrophoresis stage for DNA separation are presented for the first time in this
final research report.



2.0 Introduction

This report presents research and development of new micromachining techniques
and fabrication technologies for the construction of plastic MEMS devices. Three main
technology directions were conducted. First, technology developments for implementing
plastic microsystems using both surface and bulk micromachining techniques were
investigated. Surface micromachining techniques include deposition of thin and thick
polymer films using vacuum and spin-casting techniques. Bulk micromachining of
plastics is used for creating a viable technology for system substrates. Bulk
micromachining techniques include injection molding, embossing, casting, bonding and
lamination. Secondly, the integration of surface and bulk micromachining technologies
leads to a robust technology for creating complete plastic microsystems. The third
development direction is in the implementation of the aforementioned developed plastic
micromachining technologies as several demonstration devices including microactuators,
microvalves, a micropump, a microdevice for polymerase chain reactions (PCR), a
capillary electrophoresis (CE) microdevice for DNA separations, and devices for
patterning protein doped conductive polymers using laminar flows.

Plastic micromachining, both surface and bulk, are presented sections 3.1 and 3.2,
respectively. Surface micromachined devices were constructed by the successive
deposition and patterning of thin solid films 0.1-10 um thick. Typically, polymers are
temperature sensitive; therefore, special consideration must be given to heat generating
processes, such as plasma related processes. The thermal expansion of paraffin is used as
the actuating medium for microactuators, microvalves, and a micropump presented in this
report. Bulk micromachining is used to fabricate microfluidic systems on polycarbonate
substrates. Techniques to form microchannels, reactors, and input and output fluidic ports
are discussed.

The implementation of the developed surface and bulk micromachining
technologies within demonstration devices are presented in section 4. Presented are
techniques for fabrication of high quality, cheap, disposable polymers used to implement
a variety of microanalytical systems, including a micro PCR system and a CE system for
amplifying and separating DNA, respectively. Demonstrations on how to integrate
complexity into plastic based systems is shown using two techniques, sub-die embedding
and surface micromachining. A technique for cellular micropatterning is also shown,
using electrochemical deposition of conductive polymers doped with extracellular matrix
proteins.



3.0 Technology Development

The technology development for plastic micromachining is presented in two
major areas: surface and bulk micromachining. All fabrication steps used in this research
are performed with temperatures less than or equal to 110°C, with the exception of
photodefinable glass substrate processing, described in a later section.

3.1 Surface Micromachining

Surface micromachined devices are constructed by the successive deposition and
patterning of thin solid films 0.1-10 um thick. Typically, polymers are temperature
sensitive; therefore, special consideration must be given to heat generating processes such
as plasma related processes. Since plasma related processes (i.e. RIE, and sputter coating)
can expose the polymeric sample to the hot plasma for extended periods of time, the
sample substrate temperatures must be controlled at or below room temperature. In
addition, in most cases plasma power levels must be reduced which in turn increase
deposition and etch times.

3.1.1 Materials

Thin polymer films were used in the development of the novel electrothermal
microactuators for active microfluidic applications presented in this research. Thin,
thermally evaporated paraffin films, have also been used as actuating layers for
microactuators. Thin films of vapor deposited para-xylylene (parylene-C or parylene)
serve as a sealing layer and microactuator diaphragms.

Thermophysical properties of Logitech paraffin have been measured and are
presented in this research. Thermophysical properties of hexatriacontane and
tetratetracontane have been taken from literature [35] and are used as comparison for
measurements performed in this research. Specific volume as a function of temperature
and pressure has been measured using high pressure dilatometry. Heat capacity and
thermal conductivity have also been measured and used to model the electrothermal
behavior of the piston microactuator structure.

Thermophysical properties of parylene have been provided by the manufacturer of
the vapor deposition system [36]. Infrared absorption spectra have been used to estimate
the average spectral emissivity of the thin parylene films. The emissivity of the parylene
films is used to accurately measure the diaphragm surface temperature of the thermally
activated microactuators.

3.1.1.1 Paraffin

Thin films of pure and mixtures of simple straight chain paraffins were used as
the actuation layer for microactuators developed in this research due to their large
actuating power capability. Paraffins are saturated hydrocarbon mixtures, consisting of
mixtures of numerous alkanes or purified alkanes of different chain lengths. Hydrocarbon
components of paraffin can exist in gas, liquid or solid states depending on their
temperature and pressure. These saturated hydrocarbons occur in the form of simple
straight chains called normal paraffinic hydrocarbons or branched chains which are called
iso-paraffinic hydrocarbons. The general term paraffin will be used to describe normal
alkanes throughout the remainder of this work.



The general chemical formula for paraffin is C,H2n., because there are two
hydrogen atoms bonded to each carbon atom of the chain plus one additional hydrogen
atom bonded to each end of the chain. In saturated hydrocarbons, there are only single
bonds. Figure 2 shows the general chemical zigzag structure of normal paraffins.

/CHZ\ ‘ /CHZ\ /CHs
CH, ch,” CH,

Figure 2: Planar zigzag representation of normal paraffins

Normal paraffins are named according to the number of carbon atoms in the
chain. Table 1 shows the names and chemical formulas for several normal paraffins. The
large selection of paraffins with different chain lengths; hence different melting
temperatures; makes them very attractive for different microactuator applications.

Table 1: Chemical formulas for several normal paraffins

N Name Formula

1 methane CH,

2 ethane CH; CH;,

3 propane CH;3 CH, CH3
4 butane CH3 (CH2)2 CH3
5 pentane CH3(CH,); CHs
10 decane CH; (CH,)g CH3
14 tetradecane CH; (CHy)1, CH4
20 eicosane CH; (CHy). CHs
30 triacontane CH; (CHy)25 CHs
36 hexatriacontane CH; (CHy)34 CH3
40 tetracontane CH; (CHy)35 CH3
44 tetratetracontane CH3(CH,)4, CH3

The increased length of the carbon atom chains increases the molar weight
resulting in higher melting temperatures of the material. Figure 3 shows the range of
melting temperatures for paraffins with different numbers of carbon atoms. For
applications which are sensitive to elevated temperatures, such as polymerase chain
reaction (PCR) systems with thermally reactive enzymes, paraffin actuated valves with
low temperature actuation is required. Alternatively, applications requiring actuation
control in high temperature environments, actuators utilizing long chain paraffins can be

used.
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Figure 3: Variation of paraffin melting temperature with numbers of carbon atoms

Like most other organic materials, paraffins have a low thermal conductivity. In
addition, they also have low electric conductivity, which accounts for their excellent
insulating properties. Paraffins have very low chemical reactivity with nearly all
materials which is the origin of the name paraffin, derived from the latin expression
parum affinis meaning chemically inactive. In fact, paraffins are widely used as corrosion
prevention materials, for example in photocathodes [37]. Paraffins are stable up to
approximately 250°C; therefore no boiling of the molten will result even at high
operating temperatures. The viscosity is low in the liquid phase, which means low
pressure loss in the flow process. Liquid paraffin is a non-polar liquid and therefore does
not mix with polar liquids such as water or alcohol.

Unlike many other polymeric materials, paraffin materials are long-lasting and
stable throughout phase change cycles, since there is no chemical reaction during the
thermal energy storage process. Melting and solidification are purely physical processes
which is why the paraffin actuation properties remain nearly constant throughout the
actuator's working life. This section presents thermophysical properties of paraffin for
use as an actuation material for microactuators.

3.1.1.1.1 Thermophysical Properties

Thermophysical properties of linear paraffin macromolecules have been studied
by many researchers [38, 39, 40] and are essential to predict the thermal behavior of the
microactuators developed in this research. Since the operation of the paraffin
microactuators is based on melting and solidification of a sealed paraffin actuation layer,
thermal characteristics in both solid and liquid states must be known. The kinetics of
melting for crystalline structures has been well developed; however, far less information
is available for linear macromolecules.

Specific Volume

The specific volume of paraffin, as with many polymers, is strongly temperature
dependent. As paraffin is heated near its glass transition temperature, the material
experiences a very small volumetric increase. When the material is heated beyond the




melting temperature a large volumetric increase occurs. This thermal expansion is due to
the phase transition from the solid to liquid phase or melting of the material. Differences
in volume between solid and liquid phases vary widely from negative values to as much
as 40% when heated to temperatures ranging from 65 - 150°C depending on the length of
the chain. For certain macromolecules with the planar zigzag conformation, a 15%
volume change is typical.

Temperature and pressure dependent specific volume, sometimes referred as
pressure-volume-temperature or PVT measurements, of the Logitech paraffin has been
measured in an essentially isothermal mode of operation using high pressure dilatometry,
a specialized measurement technique [41]. For certain temperatures below the melting
temperature, the specific volume is not an equilibrium property. Thus requiring high
pressure dilatometry to measure the change in specific volume as a function of pressure
and temperature. The equilibrium specific volume of the liquid phase above the melting
temperature can be easily measured by standard density measuring techniques. In the
high pressure dilatometric measurements the temperature of the paraffin was fixed and
starting from atmospheric pressure, pressures were increased to 200 MPa.
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Figure 4: High pressure dilatometry measurements showing volumetric expansion characteristics of
Logitech paraffin

Figure 4 shows the specific volume as a function of temperature and pressure for
samples of the Logitech material. As the temperature is increased beyond the melting
temperature, the material melts causing the volume to increase (density decreases). In the
liquid state, the paraffin volume increases nearly linearly. Figure 5 shows the specific
volume plot for a sample of pure tetratetracontane (Alfa Products, 98%) [41].

At the melting temperature T, the samples undergo a melting transition where
the loss of crystal structure of the material leads to an equilibrium melt condition. At high
temperatures the data pertain to an equilibrium melt. One of the major difficulties in PVT
measurements of polymers is that the volume of a polymer does not, in general, depend
only on the current temperature and pressure, but on previous history as well. Typically,
hysteresis in the PVT measurements ranging from 1-6°C has been reported [39], but has
not been measured in this work.
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Figure 5: High pressure dilatometry measurements showing volumetric expansion characteristics for
tetratetracontane 98% (Alfa Products)

Heat Capacity
The heat capacity of linear macromolecules has been studied by many researchers

[35, 42, 43] and can be used to estimate nearly all other important thermophysical
material properties. In general, the change in heat capacity on melting of paraffins is
small. A large contribution to the heat capacity comes from the group vibrations, which
are slightly affected by the phase change. A decrease in vibrational contributions on
melting can result from changes to rotational and translational motion. This decrease is
often compensated by contributions arising from potential energy increase and chain
conformation changes.

Heat capacity has been measured for the Logitech paraffin using a Perkin Elmer
DSC-7 Differential Scanning Calorimeter (DSC). Figure 6 shows the experimentally
measured heat capacity of the Logitech paraffin for both heating and cooling scans. The
DSC heating scan reveals two peaks. The first peak is very broad with maximum of 6.473
kJ/kg°C at 338.15K. The second peak maximum of 8.478 kJ/kg°C occurs at 352.15K. The
first peak is very broad, at least 35°C, indicating a composition of materials with varying
melting temperatures. This data corroborates the smooth volume increase as the material
is heated beyond the melting temperature, as shown in Figure 4.
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Figure 6: Measured heat capacity as a function of temperature for Logitech paraffin using Perkin Elmer
DSC-7 differential scanning calorimeter (a) heating (b) cooling scans

The second peak is very narrow indicating a single paraffin-like material. The
center temperature of the second peak is slightly higher than the measured transition
temperature of 345.15K. This type of discrepancy is not uncommon in polymers. The
melting temperature of paraffins, as with most polymers, can vary depending on many
factors, including heating rate. The DSC cooling scan also reveals two peaks. The first
peak is also very broad with maximum of 6.016 kJ/kg°C at 323.15K. The second peak
maximum of 5.464 kJ/kg°C occurs at 342.15K. The difference in the center temperatures
of 10°C between the heating and cooling scans is an approximation of the hysteresis in
the Logitech material. This hysteresis is larger than reported values of 1°C for pure
paraffin materials [39].



In contrast, the volume increase of pure paraffins heated beyond the melting
temperature is very sharp at atmospheric pressure. Heat capacity measurements further
support this as reported by [35] on high purity samples of hexatriacontane,
tetratetracontane and polyethylene. Figure 7 shows heat capacity measurements for
hexatriacontane in solid and liquid states as a function of temperature. The pure paraffin
materials have a very narrow transition region, consequently, the measurements near the
transition temperature are typically difficult to obtain.
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Figure 7: Measured heat capacity of hexatriacontane as a function of temperature

Latent Heat of Fusion

The change from one phase to another is accompanied by the evolution or
absorption of a certain amount of heat, called the latent heat of transition. According to
the conditions of equilibrium, such a transition occurs at constant pressure and
temperature. The heat of fusion is the measure of heat content required to induce the
phase transition from solid to liquid phase without increase in temperature. The heat of
fusion can be calculated from heat flow measurements using differential scanning
calorimetry. Table 2 lists calculated latent heat of fusion for paraffins [35] used in this
research.

Table 2: Calculated latent heat fusion for various paraffins

Paraffin AH, (kJ/kg)
Hexatriacontane 175.21
Tetratetracontane 226.70

Thermal Conductivity

Most polymers are insulating systems, therefore, any electron effects are
negligible and heat conduction occurs as a result of lattice vibrations. The simplified
thermal conductivity for semicrystalline and amorphous polymers is proportional to the
heat capacity [40], given by

&(T) = 1/3 C(T) YT) | (1)
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where C(T) is the heat capacity per unit volume, v(T) is average phonon velocity and | is
the phonon mean free path. The velocity of sound can be estimated as

UT) = VElp(T) (2)

where, E is Young's modulus and p(T) is the paraffin density. Using a value of v(T) equal
to 19 x 10° cm/sec, and C(T) and p(T) from previous measurements and | = 140 A [40],
the thermal conductivity of the Logitech paraffin can be estimated.

Thermal conductivity has been measured on samples of the Logitech paraffin
using the ASTM-D 5930, standard transient line-source measurement technique. The AC
Technology K-System-Il1 was used for all measurements (system specifications: probe
constant = 0.793, length = 50 mm, settling time = 45 seconds, equilibrium time = 1
minute, data acquisition time = 45 seconds and probe voltage = 3 volts). Prior to testing,
the samples were dried at 70°C for 3 hours in a vacuum oven. The temperature was
scanned from 28°C to 150°C. Figure 8 compares calculated and measured values of the
thermal conductivity. The thermal conductivity increases monotonically to a value of
about 0.203 W/mK at 137°C where it decreases and becomes approximately constant to a
temperature of 150°C.
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Figure 8: Calculated (solid line) and measured thermal conductivity as a function of temperature for
Logitech paraffin

3.1.1.2 Parylenes

Parylene is a common name for a class of polymers called para-xylylene. Four
forms of parylene are currently available. Each form represents the basic polymer
backbone of xylylene with a replacement of 1-4 atoms in the ring. Parylenes have been
used for many applications, such intermetal dielectrics [40], and as an encapsulation
method for microelectronic circuits [45]. The conformal deposition technique of parylene
has facilitated its countless uses.

Parylene has made its way into micromachining in the last few years. The
properties of parylene have been exploited in microfluidics [46, 47], microvalves [48, 49,
50], membrane filters [4], and many other micromachining applications. The chemical
formula for parylene-C is shown in Figure 9. Parylene-C is produced from a basic linear
molecule with the addition of a chlorine atom.
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Figure 9: Parylene-C chemical structure

Thin vapor deposited parylene films have been used extensively as sealing and
diaphragm layers for the all paraffin microactuators developed in this research. Prediction
of the electrothermal behavior of the new microactuators requires the measurement of the
device thermal boundary conditions. Since the sealed paraffin devices are
electrothermally actuated, the measurable boundary parameters are the substrate and
parylene diaphragm surface temperatures. Surface temperatures have been measured with
a medium magnification infrared camera requiring absorption spectra for glass and thin
parylene materials.

Optical Properties

Parylene-C (parylene) exhibits very little absorption in the visible region (400 -
800 nm) and is therefore transparent and colorless. The infrared absorption spectrum of
parylene is shown in Figure 10. The spectra shown in Figure 10 were taken from an

100 [

Absorption (%)
8
I

18 um parylene-C
| | | | |
3000 2000 1600 1200 800

4
Wavenumber (cm ')
Figure 10: Infrared absorption spectra of an 18 um thick Parylene-C film

18 pum thick parylene film. Although the energy absorption is dependent on film
thickness, these measurements are useful for roughly predicting the optical properties of
the films. The surface temperature of the parylene diaphragm of the paraffin
microactuator was measured with an infrared camera, requiring emissivity of the parylene
film. Kirchoff's law, which equates the spectral absorption and emissivity, was utilized.

3.1.2 Process Technology

The process technologies used to fabricate surface micromachined polymer
microdevices are presented in this section. First, processing techniques for depositing thin
polymer films are discussed. Thin paraffin films, which are used for the actuation layers,
are thermally evaporated in high vacuum. Thin parylene films are used as the sealing and
diaphragm layers for the paraffin microactuators, and as the structural layers of some of
the microchannels used for microvalve testing. Parylene films have been deposited in a
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commercial vacuum pyrolysis system. Techniques for etching both polymer films in
conventional reactive ion etching (RIE) systems are discussed. Both polymer films have
been etched in oxygen and oxygen:tetrafluromethane plasmas and will be discussed in
later sections.

Microchannels have also been fabricated using thick deposits of nickel from a
nickel sulfamate electrolytic solution. Techniques for electrodepositing thick nickel
layers and appropriate deposition seed layers are discussed. The blocking microvalves
fabricated in this research require access holes through the substrate (both glass and
silicon). Through substrate access holes in glass have been fabricated using
photodefinable glass substrates (Foturan, Schott Glass, Inc.). Access holes in silicon have
been made using deep reactive ion etching (DRIE). Finally, general techniques for low
temperature processing are discussed.

3.1.2.1 Deposition of Thin Polymer Films

The deposition of thin films from polymers can be carried out using a number of
techniques which include polymerization of a monomer from a glow discharge,
deposition from solution, deposition from bulk polymer by thermal evaporation,
deposition from bulk polymer by radio frequency sputtering, or deposition and
polymerization of monomers from vacuum pyrolysis of a suitable dimer material.

3.1.2.1.1 Paraffin Deposition

Thin paraffin films have been deposited by thermal evaporation. Paraffin
materials can easily be evaporated due primarily to their high vapor pressures. The
chamber pressure was maintained at < 5 x 10° Torr as measured with an ionization
gauge. The paraffin samples were evaporated from quartz mounted in a tungsten crucible
holder. Figure 11(a) shows the thermal evaporator constructed for this research.

Substrate Cooling
Platform
(b) Tungsten
; Screen
Crucible ’%’ i
Hoider '
| i
Slide View
Tungsten
Screen
? Crucible
mech. d’:f;' Holder
pump pump Top View

Figure 11: a) Thermal evaporator constructed for this research (b) modified crucible holder eliminating
polymer splashing

Contamination of the thin deposited film, by large solid spheres, when evaporating
paraffin is due to the boiling action of the molten paraffin. Smooth, contamination free,
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thin paraffin films have been obtained by choosing a low evaporation temperature and
consequently a low deposition rate. Figure 11(b) shows the modified crucible holder
which eliminates splashing of the polymer onto the substrate. All paraffin evaporations
were done in a custom built deposition system with 5 x 10° Torr chamber pressure,
150°C material temperature with a deposition rate of about 1000 A/min. Figure 12 shows
images of a 4 um thick logitech film scanned with a Digital Instruments Nanoscope Illa
atomic force microscope (AFM) in tapping mode. The surface roughness (Ra)
measurements were without plane fitting the scanned surface. Typical surface roughness
of the evaporated paraffin of 420 A and less has been measured.
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Figure 12: 100 x 100 um? tapping mode AFM scan (&) example of scanned surface (b) example of average
surface roughness measurement

3.1.2.1.2 Parylene Deposition

Parylene polymers are vapor deposited at room temperature in a commercial
pyrolysis deposition system. Figure 13 shows a diagram of the deposition process. The
solid parylene dimer is first sublimated at 120-150°C. The dimer is subsequently split into
two monomers in a pyrolysis furnace at 680-720°C. The monomers will then polymerize
on surfaces below room temperature. Since the deposition chamber pressure is
maintained around 100 mTorr, the deposition is conformal.
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Figure 13: Vacuum deposition process of parylene
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Adhesion

Adhesion of parylene is greatly improved by the silanation of silicon dioxide and
silicon nitride surfaces. While the silanation of silicon itself will improve parylene
adhesion, parylene adheres better to the silicon dioxide and silicon nitride films.
Silanation can be performed by different methods, but the following method is preferred.
First, a small bottle of 50 ml DI, 50 ml IPA, and 5 ml A174 silane is prepared. The
solution is allowed to mix overnight. Wafers are cleaned in IPA for 10 minutes, spin
dried and baked at 100°C for 5 minutes. A towel is attached to the baffle of the parylene
deposition system. The towel is soaked with one pipette full of mixed silane solution (10
ml). Wafers are loaded into the parylene machine and the deposition cycle is initiated.
The wafers are coated with the adhesion promoter solution as the chamber evacuates.

Adhesion of parylene to most polymers is improved by exposing the polymer
surface to a short oxygen plasma. This plasma treatment etches the surface of the
polymer and exposes active polymer sites for parylene to bond to. For parylene to adhere
well to other parylene layers this plasma treatment is necessary. The plasma treatment
parameters typically used are a 200 mTorr O, plasma at 100 W for 1 minute.

Stripping photoresist layers on top of parylene can be problematic. Resist
strippers like PRS2000 (Microposit, Inc.) tend to soften the parylene films. Delamination
of parylene and other films deposited on top can result. Therefore resist must be removed
with acetone only. This restriction limits resists to be softbaked only. Softbaked resists
(90°C) can easily be removed with acetone. However, hardbaked (110°C) photoresists
may not be completely removed with acetone and could leave a thin residue film upon
removal. Likewise, RIE etching times of parylene films with photoresist masks may be
limited due to heating of the substrates.

3.1.2.1.3 Nickel Electrodeposition

Microchannels in this research are formed from thick deposits of nickel from a
nickel sulfamate electrolytic solution (Barrett SN, MacDermid, Inc.). Electrodeposition
of metal films on conducting surfaces occurs due to an oxidation-reduction process in
metal ionic solutions. The nickel sulfamate solution contains nickel ions Ni** in addition
to a constant metal ion supply from a solid nickel anode (Ni -> Ni** + 2¢"). The cathode is
the deposition surface. The nickel sulfamate electrolytic solution has been used to
electrodeposit films for the structural layers of microvalves developed in this research.
An additional 15 g/L of boric acid is used to adjust the pH of the solution at the
deposition temperature of 50°C. A sulfur depolarized nickel anode was used to ensure
maximum corrosion of the anode.

Electrodeposition Seed Layers

The electrodeposition seed layer is a thin metallic film providing conduction for
the metal ions to the deposition surface. For high quality electrodeposited films, the seed
layer surface must be free from contamination. The seed layers are chosen based on
material properties which closely match with the deposited films. The seed layer must
have a higher standard electrode potential than the deposited layer. Since the nickel has a
standard electrode potential of -0.25 volts, the seed layer electrode potential must be
greater than this value. Additionally, the seed metal lattice constant should match
reasonably well to that of the electrodeposited layer. Nickel has a face centered cubic
(FCC) structure and lattice constant a = 3.524 A. Electrodeposited nickel films in this
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research use a 3000 A thick gold seed layer and a 500 A thick titanium adhesion layer to
improve the adhesion of gold to either glass or silicon substrates.

Electroforming Micromold

Electrodeposition molds are fabricated using thick patterned photoresist. The gold
seed layer is first cleaned in acetone and deionized (DI) water rinse followed by spin
drying. The substrates are then baked in a convection oven for 15 minutes to remove
moisture from the surface. First, a hexamethyldisilazane (HMDS) adhesion layer is spin
coated in the seed layer. A 20 um photoresist (AZ 9260, Clariant, Inc.) layer is spin
coated on the substrate. The photoresist is then softbaked, exposed and developed. The
entire substrate is then descumed in an O, plasma. The nickel film is then deposited onto
the seed layer.

Seed Layer Removal

The seed layer is removed using an iodide based wet etchant (GE 8148, Transene,
Inc.) which minimally affects the electrodeposited nickel film. The titanium adhesion
layer is removed with a dilute hydrofluoric acid (HF) solution.

3.1.2.1.4 Electrochemical Deposition of Conductive Polymers

The abbreviation ECD applies to both electrochemical and chemical plating
processes. Although in chemical plating (usually referred to as electroless plating) an
external supply of "electrons" is not necessary, it is still an electrochemical process. For
all types of ECD batch processing, the electrolytes are usually operated at temperatures
from room temperature to about 90°C, which helps to reduce equipment needs as well as
costs in general. Operating temperatures close to room temperature will reduce the
problems originating from differences in thermal expansion (between Si and most
metals), that are known from other deposition techniques.

Basic Electrochemistry

An electrochemical reaction is a chemical reaction in which transfer of electrons
from one species (called Red for reduced) generates another (called Ox for oxidized). If
the number of electrons involved in the reaction is called z, this can be expressed as:

Red ¢«» Ox + ze’ (3)

Such a reaction is called a half-cell reaction, because the electron "donor"” reaction must
have an "acceptor” counterpart - since free electrons can not exist in the electrolyte.
Consider an electrochemical cell consisting of two electrodes submerged in an
electrolyte. If z electrons are transferred, the two half-cell reactions would be:

Left: A° «» A" + z & (Een) 4)
Right: B™ + z & «» B® (E%ign) (5)

As indicated by the double arrows used in all the equations, the electrochemical reactions

can move in both directions depending on the activity (concentration) of the species
involved, the temperature and the standard electrode potentials. When an external
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potential is applied (outside power supply or battery) the "concentration™ of electrons will
increase. If we look at the right half-cell reaction above, it will move towards B° (to the
right) as the number of available electrons is increased. When no external potential is
applied to the cell, the electromotive force, E, depends on the activity of the different
species as expressed in the Nernst equation:

E=E

right —

RT (o)¢
E. . =E’+—In|— 6
et ZF {red} ©)

The electromotive force will tell us the direction of spontaneous reaction. When E is
greater than 0 the reaction will move to the left (B will dissolve) and when E is less than
0 the reaction will move to the right (A will dissolve). E is the standard electromotive
force for the entire system (two half-cells). Ejer and Eiign: are the electromotive forces for
each of the two half-cells.

In order to calculate the electromotive force of a cell, it is usually more
convenient to focus on the difference between the half-cells, that is:

OX.. 0X
E= Erighl — B = Egght +ﬂ|n — E|2n +ﬂ|n — (7)
ZF | red g, zF | red,,

Applying the general reactions from the two half-cells above we get:

RT B** RT AT
E= Erighl — Eleft = Egght -‘r;ln |:?:| - E:;ﬂ +¥|n |:F:| (8)

The activity of solid metals and other pure compounds (like water, etc.) is 1 by definition.
When R is 8.3144 J/mole-K, T is 298 K (room temperature), F is 96487 C/mole and we
use that In(x) = In(10)-log(x) = 2.3026:log(x) we get:

E, = E° +—0'0592In{8 } ©)

right Az+

E=E

right —

In most diluted solutions the activity of an ion is equal to the concentration. The two
standard electrode potentials, Eign and E s, can be found in the literature for most half-
cell reactions. They have been measured experimentally at standard conditions versus the
Standard Hydrogen Electrode (SHE). By definition, the standard electrode potential of
this half-cell reaction:

2H' + 2 ¢ ¢ Hy(g) (10)

is set to zero. Using this electrode (and a rather complicated set-up) as the left electrode,
it is possible to measure a relative potential of any electrode on the right versus the SHE.
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Polypyyrole Deposition

Polypyrrole (PPy) is an electrically conductive polymer that can be polymerized
electrochemically and deposited onto electrodes. The ease of preparation, inherent
electrical conductivity, controllability of surface properties, and compatibility with
mammalian cells make polypyrrole an attractive candidate for biomedical applications.
Additionally, when polypyrrole is in its oxidized state, it exists as a polycation with
delocalized positive charges along its conjugated backbone. In order to neutralize this
charge, counter ions in the solution are incorporated into the polypyrrole film during
electrochemical deposition. The conductivity, morphology, and stability of polypyrrole
vary significantly when the counter ions are changed. When a polyelectrolyte having
negative charges serves as the counter ion, it is incorporated into the polymer through the
reaction shown in Figure 14, where PE" stands for polyelectrolyte. Based on this
mechanism, bioactive species, such as DNA, heparin, poly (hyaluronic acid), proteins,
nerve growth factors, and even red blood cells have been patterned onto electrode sites
together with the electrically conductive polypyrrole.

Oxidize
@ + PE ——p PE

N N

Figure 14: Electrochemical polymerization reaction

Electrochemical polymerization has many advantages over other methods in the
surface modification for biomedical applications. The method can be used on many
different electrically conductive surfaces, whereas chemical attachment techniques are
usually limited to a few substrate choices. The coating can be precisely patterned
specifically onto the active site of the electrode without covering the nonfunctional areas
of the device. The deposition of organic and biologic species does not compromise the
electrical functionality of the electrode since the coating material is electrically
conductive. Actually the signal transport can be enhanced because of the unique surface
morphology of the coatings.

ECD of Polypyrrole doped with proteins

Any polyelectrolyte with negative charge can serve as a counter ion and will be
incorporated into polypyrrole by the reaction shown earlier. Bioactive species like
proteins serve as excellent polyelectrolytes. However the conductivity, morphology and
stability of the polypyrrole varies significantly with the counter ion. Most ECM proteins
are good polyelectrolytes and can be incorporated into polypyrrole. In this section we
discuss the incorporation of ECM proteins, like collagen, by electrochemically
polymerizing polypyrrole on gold electrodes in microfluidic channels. Laminar flows can
be used to pattern only specific sections of the electrode. This technique will be
particularly useful in cell culture applications where precise patterning of proteins is
essential for cell attachment. Proteins can be specifically patterned and then the top
channel structure, which is made of a soft elastomeric epoxy, is lifted off and the bottom
substrate with the patterned protein can be used for applications like cell culture.
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Cyclic Voltametry

During deposition there is a reversible redox reaction in the polypyrrole film. The
redox reaction involves the charging and discharging of polypyrrole and is also
accompanied by movement of ions. Because the oxidized state and reduced state have
very different electrical properties, this redox reaction provides a switching ability to the
doped polypyrrole films. Cyclic voltammetry shows the intrinsic redox reaction of the
electrode material as the potential of the electrode is swept in a cyclic manner. No redox
reactions occur at the gold electrode, but the switching ability of polypyrrole was
demonstrated. Within a cycle of voltage sweeping, there are two peaks (one anodic and
one cathodic) at potentials of -0.14 and -0.56 V, which are indications of oxidation and a
reduction reaction of PPy/PSS respectively. The redox reaction was accompanied by the
movement of small cations in and out of the film. Additionally, the interaction between
the polypyrrole and the large dopant molecules were changed upon each reaction, as were
the electronic properties of the film. CV was also performed to determine if PPy/Collagen
and PPy/BSA were electrochemically active. PPy/BSA did not show redox peaks which
are an indication that PPy/BSA is not electrochemically active. On the other hand,
PPy/Collagen is electrochemically active and shows two redox peaks at —0.2 and 0.1 V.
The electrodes were swept between 0.5 to —0.9 V, the electrode area was 0.002 mm? and
the scan rate was 100 mV/sec. The results are detailed in Figure 15.

= PRyPSS + Ppy/BSA + Ppy/Collagen
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Figure 15: Cyclic Voltammetry of PPY/PSS and PPY/BSA, PPy/Collagen swept between 0.5 and — 0.9V

3.1.2.2 Etching of Thin Polymer Films

The literature contains many examples comparing etching behaviors for different
polymers. These comparisons have been made for etching polymers in pure oxygen
plasmas and for plasmas using pure tetrafluoromethane (CF,4) or methane (CH,) with the
addition of molecular oxygen (O,).

The addition of fluorine containing gases, such as CF4 is known to increase the
oxygen atom concentration relative to that obtained in pure O, plasmas. The observed
increase in fluorine atom concentration in gas feed mixtures rich in CF, has been
proposed to be the result of either the reaction between oxygen and the dissociated
products of CF4 or the reaction between electronically excited metastable oxygen
molecules and CF, [52, 53]. The authors [54] reported a model to explain the products
which are observed downstream from a CF4.O, plasma.
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Etching rate dependence on CF4-O, gas feed composition for several different
polymers in several different systems have been reported [52] from several researchers.
Figure 16 shows etching rate behavior for three polymer films in various CF4-O; gas
compositions [55].
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Figure 16: Etching rate behavior for CF4-O, plasma for RF planar diode etching system

The etch rate for polyethylene is of importance in this research. Polyethylene has
essentially the same chemical make up as paraffins with an ultra long chain length. A
peak etch rate of about 1 um/min was reported for a 37.5% composition of CF4 in O,
with 350 mTorr chamber pressure, 72 sccm total flow and 37.5% CF,4 in O, gas ratio, and
700 Watt electrode power.

3.1.2.2.1 Paraffin Etching

Two different RIE systems have been used to etch paraffin. Two paraffin films,
Logitech and n-hexatriacontane, have been characterized. An Applied Materials 8300
RIE system has been used to etch thin paraffin films using a 260 mTorr chamber
pressure, 20:80 sccm (CF4:0,) gas feed, and 1100 W (RF) electrode power level (hexode
system). An average etch rate of 1000 A/min has been measured. In addition, a Semi-
Group 1000 TC/CC RIE planar electrode system, has been used to etch the paraffin films
using a 300 mTorr chamber pressure, 27:45 sccm (CF4:0,) gas feed composition, and 70
W (RF) electrode power. Significantly lower power levels are necessary such that the
paraffin does not melt during etching. Etch rates between 2500-3000 A/min have been
measured. The single most important aspect of the RIE system is that the bottom
electrode, where the substrate is mounted, must be maintained at or below room
temperature preventing the paraffin from melting during processing.

3.1.2.2.2 Parylene Etching

Two different RIE systems have been used to etch thin parylene films. An
Applied Materials 8300 RIE system has been used to etch the parylene films using a 260
mTorr chamber pressure, 100 sccm O, gas feed, and 1100 W (RF) electrode power level
(hexode system). An average etch rate of 2000 A/min has been measured. In addition, a
Semi-Group 1000 TC/CC RIE planar electrode system, has been used to etch the
parylene films using a 100 mTorr chamber pressure, 100 sccm O, gas feed composition,
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and 200 W (RF) electrode power. Etch rates between 2500-3000 A/min have been
measured.

3.1.3 Cell Attachment

Mechanisms by which cells recognize certain substrates as suitable for attachment
and growth has been an important topic of study to understand cell proliferation and
differentiation. Cell adhesion is mediated by cell membrane bound receptors. In
particular, integrins, a family of heterodimeric transmembrane proteins that are linked to
the cytoskeleton on the cytoplasmic side of the membrane, recognize specific peptide
sequences present in the fibrillar protein meshwork found in vivo and known as the
ECM. Integrins establish mechanical links between the membrane and the ECM substrate
and also between the ECM and the cytoskeleton. Integrins aggregate in organized
structures termed focal contacts. In most cell types, biochemical signals essential for cell
growth, function, and survival are initiated by integrins upon attachment. Failure of
integrins to attach causes the cell cycle to end resulting in apoptosis [249]. Since many
cell types secrete ECM, an artificial substrate is capable of supporting cell adhesion even
if it is not initially coated with an ECM protein. Success in creating cellular micropatterns
depends on the ability to control the size, geometry, and chemical nature of the adherent
layer. Cells are sensitive to other physical parameters of the substrate, such as local
temperature, which may be used for selective attachment of cells to surfaces. Materials
other than physiological biomolecules were the first to be explored owing to the
constraints imposed by early micropatterning techniques. Initially, micropatterning
techniques involved micro patterns of metals and polymers. With the emergence of more
flexible microfabrication techniques, ECM proteins, peptides with RGD sequences for
cell attachment and bioactive molecules have been micropatterned. The following section
is a detailed review about the existing techniques for micropatterning proteins.

3.1.3.1 Micropatterning Proteins for Cell Attachment

Many researchers have tried a variety of different techniques to create protein
micro patterns for cell culture. Physisorbed protein layers are not stable in agqueous
solutions. Also, proteins present in the medium or secreted by the cells after attachment
may displace an underlying protein layer. Many researchers have focused on the
chemical immobilization of proteins via cross-linkers or photoreaction schemes. Even
though chemical (or physical) immobilization of proteins is likely to induce partial
denaturation of the protein structure, which can affect cell function, the peptide sequences
necessary for attachment seem to remain largely exposed. Denaturation is to be expected
when the micropattern is exposed to solvents during the micropatterning step. It is still
found that cells attach, spread, grow, and function on denatured ECM proteins, either
physisorbed or chemisorbed, because denaturation does not affect integrin binding. It is
believed that protein adhesiveness correlates with the hydrophobicity of the surface. But,
neither very hydrophilic surfaces, such as agarose gels, nor very hydrophobic surfaces,
such as Teflon, support protein adhesion. Even though physisorbed protein layers may
elute from the surface as a function of time, physisorption procedures promoting cell
attachment are simple and have been used in cell culture on a variety of materials. Protein
physisorption onto polymers may be enhanced by plasma polymerization or plasma glow
discharge (e.g. the tissue culture-grade polystyrene petri dishes) of the polymer surface.
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These treatments introduce a rich variety of chemical functionalities that attract proteins
through electrostatic or dipolar interactions.

3.1.3.2 Lithography and Stencil Patterning

Letourneau and colleagues created the first biomolecular micropatterns based on
the fact that cell adhesiveness of laminin could be inactivated by selective UV irradiation
through a metal stencil. Most existing microfabrication and micropatterning techniques
use photolithography. Photoresist is first patterned by exposure to light and then
developed leaving patterned areas. Metals like gold, which are excellent for protein
attachment, are then evaporated on the substrate followed by dissolving the photoresist
which results in a liftoff to create islands or features with metals. The whole process
involves several steps; however, treatment with an alkaline or organic solution to dissolve
the photoresist is incompatible with patterning proteins or cells. Photolithography
involves the use of solvents. Elastomeric stencils may be used to mask the physisorption
of protein or the direct attachment of cells on a surface. The elastomeric membranes can
be used to provide patterned access to the surface. After patterning, the membranes can
be physically lifted off the substrate. Stencils are convenient for patterning cell types,
such as fibroblasts, which feature poor adhesiveness and selectivity, and for patterning
cells on homogeneous surfaces. Multiple materials can be patterned using multiple,
stacked membranes.

3.1.3.3 Micro-contact Printing

Another way to eliminate the problems associated with photoresist removal is to
use metal and elastomeric microstamps for micropatterning ECM proteins followed by
cell attachment and culture. The general procedure for micro-contact printing involves
inking the stamp with a solution of the substance to be printed. As the solvent (ethanol)
evaporates, the protein is deposited on the relief structure. The stamp is then brought into
conformal contact with the surface for a predetermined period of time. On removing the
stamp from the surface, a pattern is left that is defined by the features on the stamp.
Rudolph [264] fabricated microtextured surfaces with deep trenches in a variety of
biomedical polymers and selectively physisorbed proteins onto the mesas by carefully
dipping the microstructures in a protein solution. As a result, only the mesas, and not the
trenches, were coated with protein solution. With this method, cells with fibronectin
coated PDMS mesas were created.

3.1.3.4 Patterning using Laminar Flows

In microfluidic systems with micrometer sized channels it is almost impossible
avoid laminar flows. Reynolds number is a dimensionless parameter that determines the
type of flow of the liquid. Laminar conditions in a fluid are obtained at low values of
velocity, diameter of the capillary, and density of the liquid; and high values of viscosity.
Fluids are said to flow in the laminar regime if the Reynolds number is < 2000. Because
the diameter of the channels is small for microfluidic systems, Reynolds numbers are
typically 0.1-1 for the commonly used flow rates. Channel systems, in combination with
laminar flow, can be used to pattern material onto a surface from solution. Delamarche
[265, 266] used multiple, adjacent channels to pattern proteins onto a surface and to
direct chemical reactions on surfaces. The system uses small volumes of reagents and
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may be useful in immunoassays. Laminar flow of liquids can be used to generate simple
patterns of proteins and cells inside a channel.

Precise patterning of the area of deposition can be achieved using multiple
streams, which flow in the laminar flow regime. As explained earlier, the streams do not
mix and are well defined. The first experiment done was to achieve precise deposition of
PPy/Collagen by supplying the second of the three inlet reservoirs with the
polyelectrolyte and supplying the other two reservoirs with PPy/BSA (electrochemically
inactive). This results in three streams in the main channel, BSA/Collagen/BSA.
Deposition occurs only on parts of the electrode which is in contact with the PSS stream.
Deposition was done at 2 mA/cm? and Figure 17a shows the precisely patterned ECD of
PPy/Collagen. The experiment was done again but the order of the streams was modified
to be Collagen/BSA/Collagen and deposition was achieved at the two ends of the
electrode. Figure 17b shows the results obtained.

Laminar flow patterning

Working
Electrode

(a) (b)

Figure 17: Patterned ECD of protein doped conductive polymers using laminar flow patterning

3.1.3.5 Deposition of PPy/PSS and PPy/Collagen

Initial experiments were performed to characterize the deposition of PPy/PSS (0.3
mg/ml, 0.3 mg/ml, pH 7 buffer), PPy/BSA (0.3 mg/ml, 0.3 mg/ml, pH 7 buffer) and
PPy/Collagen (0.3 mg/ml, 0.3 mg/ml, pH 7 buffer), which were supplied to the electrodes
through microchannels. The reservoirs were filled with the polyelectrolyte, which then
completely filled the channel structure. A pump was used to ensure continuous flow over
the electrodes and avoid bubble formation due to the electrochemical reaction. From the
cyclic voltammetry plots, the minimum deposition current was determined. The area of
the working electrode is 0.0045 cm?® For PPy/PSS the minimum deposition current is
0.5 mA/cm? and for PPy/Collagen the minimum deposition current is 1.5 mA/cm?® A
femtostat setup was then used to maintain a constant current supply of 0.9 mA/cm? for
PPy/PSS and 2 mA/cm? for PPy/Collagen, respectively. Deposition on the working
electrode is observed. Figure 18 shows deposited PPy/PSS and PPy/Collagen layers using
the fabricated device. The channel was continuously flowed with the polyelectrolyte at
20 pl/min to avoid bubble formation. The flow was controlled by the use of a syringe

pump.

23



Figure 18: ECD of PPy/PSS and PPy/Collagen on fabricated device

3.2 Bulk Micromachining

3.2.1 Materials
3.2.1.1 Epoxy

Epoxy resin is defined as a molecule containing more than one epoxide group.
The epoxide group also termed as, oxirane or ethoxyline group, is shown in Figure 19.

/ 0\
R—CH—CH,
Figure 19: The structure of an epoxide group.

These resins are thermosetting polymers and are used as adhesives, high performance
coatings, and potting and encapsulating materials. These resins have excellent electrical
isolation properties, low shrinkage, good adhesion to many metals, good resistance to
moisture, and both thermal and mechanical shock. Viscosity, epoxide equivalent weight
and molecular weight are the important properties of epoxy resins.

3.2.1.1.1 Types of Epoxy resins

There are two main categories of epoxy resins, namely the glycidyl epoxies and
non-glycidyl epoxies. The glycidyl epoxies are further classified as glycidyl-ether,
glycidyl-ester and glycidyl-amine. The non-glycidyl epoxies are either aliphatic or
cycloaliphatic resins. Glycidyl epoxies are prepared via a condensation reaction of
appropriate dihydroxy compound, dibasic acid or a diamine and epichlorohydrin. While,
non-glycidyl epoxies are formed by peroxidation of olefinic double bond. Glycidyl-ether
epoxies such as, diglycidyl ether of bisphenol-A (DGEBA) are most commonly used.

Diglycidyl Ether of Bisphenol-A (DGEBA)

Diglycidyl ether of bisphenol-A (DGEBA) is a typical commercial epoxy resin
and is synthesized by reacting bisphenol-A with epichlorohydrin in presence of a basic
catalyst.
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Figure 20: The structure of Diglycidyl ether of bisphenol-A.

Casting epoxy resins are glycidyl ethers of phenolic epoxy resins. Phenols are
reacted in excess, with formaldehyde in presence of acidic catalyst to produce phenolic
novolac resin. Casting epoxy resins are synthesized by reacting phenolic novolac resin
with epichlorohydrin in the presence of sodium hydroxide as a catalyst. Casting epoxy
resins generally contain multiple epoxide groups. The number of epoxide groups per
molecule depends upon the number of phenolic hydroxyl groups in the starting phenolic
epoxy resin, the extent to which they reacted and the degree of low molecular species
being polymerized during synthesis. The multiple epoxide groups allow these resins to
achieve high cross-link density resulting in excellent temperature, chemical and solvent
resistance. Casting epoxy resins are widely used to formulate the molding compounds for
microelectronics packaging because of their superior performance at elevated
temperature, excellent moldability and mechanical properties, superior electrical
properties, and heat and humidity resistance.

3.2.1.1.2 Curing Agents (Hardeners)

A wide variety of curing agents for epoxy resins is available depending on the
process and properties required. The commonly used curing agents for epoxies include
amines, polyamides, phenolic resins, anhydrides, isocyanates and polymercaptans. The
cure kinetics and the T4 of cured system are dependent on the molecular structure of the
hardener. The choice of resin and hardeners depends on the application, the process
selected, and the properties desired. The stoichiometry of the epoxy-hardener system also
affects the properties of the cured material. Employing different types and amounts of
hardener control the cross-link density and the structure. The amine and phenolic resin
based curing agents, described below, are widely used for curing of epoxy resins.

3.2.1.1.3 Amine Based Curing Agents

Amines are the most commonly used curing agents for epoxy cure. Primary and
secondary amines are highly reactive with epoxy. Tertiary amines are generally used as
catalysts, commonly known as accelerators for cure reactions. Use of excessive amounts
of catalyst achieves faster curing, but usually at the expense of working life, and thermal
stability. The catalytic activity of the catalysts affects the physical properties of the final
cured polymer.

3.2.1.1.4 Phenolic Hardener

Epoxy resins when cured with a phenolic hardener, give excellent adhesion,
strength, and chemical and flame resistance. Phenolic cured epoxy systems are mainly
used for encapsulation because of their low water absorption, excellent heat and electrical
resistance. An accelerator is necessary for the complete cure to occur.
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3.2.1.1.5 Toughening of Epoxy Resins

The usefulness of epoxy resins in many engineering applications is often limited
by their brittle nature and poor thermal conductivity. The term toughness is a measure of
material's resistance to failure i.e. the total amount of energy required to cause failure.
There are several approaches to enhance the toughness of epoxy resins which includes:
chemical modification of the epoxy backbone to make it a more flexible structure,
increasing the molecular weight of epoxy, lowering the cross-link density of matrix,
incorporation of dispersed toughener phase in the cured polymer matrix, and
incorporation of inorganic fillers into the neat resin. Amongst these approaches,
toughening via dispersed toughener (flexibiliser) phase has been shown to be most
effective. The flexibilisers can be reactive or non-reactive rubber.

3.2.1.1.6 Toughening Agents

Various types of thermoplastic polymers as well as reactive rubbers are employed
to enhance the toughness of epoxy resin. Thermoplastic polymers, such as
polyetherimide, polysulphone, polyethersulphone, and polycarbonate have been studied
to modify epoxy resins. These studies show significant improvement in the toughness of
epoxy resins. The reactive rubbers used for toughening epoxy resins include, liquid
acrylonitrile-butadiene copolymers with various terminal groups, polysiloxanes,
polyepichlorohydrin, and polyurethanes.

Although liquid acrylonitrile-butadiene copolymers with carboxyl- (CTBN) and
amine- (ATBN) terminated groups have been widely used for epoxy toughening, the
relatively high glass transition temperature of the copolymer limits their low-temperature
applications. In addition, these copolymers also increase the CTE value of the molding
compound. Also the presence of unsaturated structure of butadiene system is prone to
thermal instability and thus unsuitable for long-term use at higher temperatures.
Polysiloxanes have excellent thermal stability, moisture resistance, good electrical
properties, low stress and lower Tg4 values. However polysiloxanes are not compatible
with epoxy resins. Addition of compatibilisers such as, methylphenylsiloxane enhances
the compatibility but at the same time raises the T4 of polysiloxane modifier restricting its
low temperature applications.

3.2.1.2 EPOTEK Casting Epoxies

Epoxy technologies (EPOTEK) are commercial suppliers, who supply optical
grade epoxies for casting applications. The physical and chemical properties of the
epoxies can vary significantly based on their formulation. Generally the optical grade
epoxies are glycidyl ether based epoxy resins, which are cured using phenolic hardeners.
They have excellent transparency, low auto fluorescence, and good barrier properties.
They can be cured to form rigid substrates by mixing portions of the resin and hardener in
the correct ratio. They cure at atmospheric pressure and room temperature but the curing
time is in the order of 20-30 hours. The curing time can be decreased significantly by
raising the resin-hardener mixture to elevated temperatures. Care must be taken to find
the optimal curing temperature, since curing at high temperatures can compromise the
quality of the cured resin and can result in rough surface finish and poor physical and
chemical properties. Four epoxies with excellent optical and barrier properties but with
varying physical properties were chosen. Table 3 shows a list of epoxies used and their
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physical properties. The spectral transmittance at different wavelength is illustrated in
Figure 21 and the glass transition temperatures are shown in Figure 22.

Table 3: Physical properties and curing schedule for the different epoxies used

Epoxy 301-2 301-2 FL 310 314
# of components 2 2 2 2

Mix ratio 10:35 10:85 10:5.5 10: 0.6
Cure temperature 80°C (3 hrs) 80°C (3 hrs) 80°C (3 hrs) 80°C (3 hrs)
Viscosity 300-600 cPs 125 ¢Ps 450-850 cPs 400-800 cPs
Refraction Index 1.564 1.514 1.507 1.494

Spectral Transmittance > 97 % 300-800 100% 300-800 > 96% 340-900 | = 93% 480-300
nm nm am nm
Color before/after cure Clear/dlear Clear/dear Clear/dear Clear/dear
Lap shear strength (psi) 2000 2600 570 800
Shore D hardness 82 75 80
Tg > 65°C > 60°C ambient > 150°C
Shelf life 1 year 1 year 1 year 1 year
Pot life 8 hours 12 hours 2 hours 4 days
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Figure 21: Plot showing the spectral transmittance of epoxies at various wavelengths of light.
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Figure 22: Glass transition temperatures of the EPOTEK epoxies used.

3.2.2 Process Technology

3.2.2.1 Substrate Etching

Inlet holes through the substrate are needed for the blocking microvalve and
microflow control valve devices. Through wafer holes in both glass and silicon substrates
are fabricated using two different methods. Holes in glass substrates are fabricated using
photodefinable substrates. Holes in silicon substrates are fabricated using deep reactive
ion etching (DRIE).

3.2.2.1.1 Photodefinable Glass Substrates

Photodefinable glass substrates (Foturan, Schott, Inc.) have been used to fabricate
the through wafer inlet holes. The Foturan substrates have been impregnated with Ce,O3
and Ag,0. During exposure to UV light at about 310 nm Ce,O3 gives up an electron. The
Cesions in the glass absorb photons stripping one electron to go into the stable state.

The extra electrons are absorbed by the silver ions which are reduced to silver
atoms. This creates an invisible image on the substrate. Approximately 2 J/cm? of energy
density is required to sufficiently structurize a 1 mm thick substrate [56]. A heat
treatment cycle is then required to form large lithium metasilicate (Li,SiO3) nuclei which
etch nearly 20 times faster than the unprocessed glass in dilute HF acid. Figure 23 shows
the suggested heat cycle for processing the Foturan substrates.
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Figure 23: Foturan glass heat treatment schedule
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Substrates are heated slowly to 500°C and held for 60 minutes where nucleation of
the silver atoms occurs forming larger nuclei. The temperature is then increased to 600°C
and held for 60 minutes. At 600°C, the glass crystallizes around the silver nuclei forming
Li,Siz. These crystals have diameters ranging between 1-10 um. During the heat
treatment cycle, the glass substrates reflow typically leaving the surface extremely rough.
After heat treatment the substrates are planarized and polished using conventional
chemical mechanical polishing equipment. Figure 24 shows fabricated through wafer
holes etched in Foturan glass substrates.

(a) (b)

Figure 24: Fabricated through wafer holes in Foturan substrates (@) circle (b) square

3.2.2.1.2 Deep Reactive lon Etching Silicon

High aspect ratio silicon etching of the access or inlet holes have been formed
using an inductively couple plasma (ICP), deep reactive ion etching (DRIE) system from
Surface Technology Systems, Ltd. (STS). The STS ICP (high density) plasma source
uses an alternating process of etching and polymer deposition achieving aspect ratios as
high as 30:1. The alternating process uses SFs for etching silicon and C4Fg for polymer
deposition. Etch rates as high as 4.8 um/min have been measured for etching silicon
which occupy about 1% of the wafer surface.

3.2.2.2 Microcasting

3.2.2.2.1 Stamper Fabrication

The first step involved in any replication based plastic fabrication technique is to
fabricate a stamper. Replication methods, like casting, require the use of a stamper or
master from which the required part is molded or replicated. The master contains a
negative replica of the required part and most of the replication techniques faithfully
replicate the master. The fabrication of the master may be expensive since care has to be
taken to assure quality of the part. This can then be used to create multiple replications. In
our process we use a silicon master, which contains deep etched negative replicas of the
desired features.

A blank silicon wafer is first taken and a 2.7 um thick layer of photoresist
(Microposit SC 1827) is spun on at 4000 rpm. The photoresist is then soft baked at 90°C
for 30 minutes. Then a photo mask with 2-D replica of the desired features is used to
pattern the photoresist. The patterned photoresist is then hard baked at 110°C for 10
minutes. The silicon wafer with the hard baked photoresist mask is then etched using a
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deep silicon reactive ion etcher (DRIE). Silicon is etched at the rate of 2.5 um/min using
a high aspect ratio etch recipe (SFs 120 sscm, O, 13 sscm, Coil power 800 W, Platen
power 200 W). The process is performed using alternating etch and passivation cycles to
ensure straight side wall profiles. The substrate is etched for 12 seconds and passivated
for 6 seconds, and this is repeated throughout the process. The passivation cycle (C4Fg 85
sscm, Coil power 600 W) is performed using C4Fs a polymer which coats itself on the
sidewalls, thus preventing undercuts due to etching of sidewalls during the etching cycle,
thereby ensuring straight sidewalls. Channel heights of up to 300 um with surface
roughness in the order of hundreds of angstroms can easily be obtained using this
process. Once the features have been etched to the required depths, the substrate is
stripped of the photoresist and the resulting silicon substrate is used as the stamper or
master. Figure 25 shows a DRIE silicon stamper for replication methods.

AccV  Spot Magn  Det WD F———— 200 pm Acch  Spot Magn  Det WD 1 100um

Figure 25: SEMs of silicon wafer with DRIE negative replicas of desired features.

Release Layer
It is important to treat the surface of the master/stamper to aid release of the

molded or cast part from the stamper. Molding polymers usually undergo shrinkage on
curing into rigid substrates and it is important that the interaction between the molded
part and the stamper surface be limited to a minimum. There are commercially available
mold release agents both in solution and aerosol form which can be coated on the stamper
to make the surface of the stamper inert which limits interaction with the liquid polymer
but the thickness of the coat is usually in the order of 10’s of microns which is close to
the dimensions of the features on the molded part. The only solution to this problem is to
coat the surface with an extremely thin layer of an inert polymer like Teflon, parylene
[122] or even some types of silanes to make the surface of the stamper inert.

Parylene-C is a chemically inert polymer, which can be deposited as extremely
thin (sub micron) layers using a chemical vapor deposition process. To improve the
adhesion of parylene-C to the silicon stamper the silicon stamper is treated with a silane
(AZ 174). Parylene is available as a dimer, which can be vaporized at 170°C and split
into monomers in a furnace which is at 700°C, as described earlier in this document.

Mold fabrication

Mold plates are required to hold the stamper and to aid in heat transfer from the
outside to the liquid polymer resin. The only requirements are that the material be cheap,
strong enough to withstand working conditions and have high thermal conductivity.
Aluminum satisfies all these conditions and can be easily machined into any required
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geometry to hold the stamper. Two aluminum blocks were cut and machined to make the
surfaces smooth (roughness in the order of a few microns). A groove the shape of a
silicon wafer was cut in one of the aluminum blocks to hold the stamper in place. The
molds were also provided with clamping screws to clamp both the plates together tightly.
Figure 26 shows the fabricated aluminum mold plates for both open and closed mold
casting.

Figure 26: Shown are aluminum mold plates for open and closed mold casting.

Backing wafer and O-rings

In most cases smooth surfaces are desired on both sides of the substrate. One side
usually has microfeatures, like channels, and the other side is smooth and flat. In order to
obtain a flat surface on the other side a smooth flat backing wafer made of an inert
material like teflon or polypropylene is used. The wafer is also cut the shape of a silicon
wafer and sandwiched with the stamper. There is an O-ring between the stamper and the
backing wafer, which determines the thickness of the cast part. The O-ring is also made
of a material like teflon. There are cases where two stampers are sandwiched to produce
substrates with features on both sides eliminating the need for a backing wafer.

3.2.2.2.2 Fabrication Process

Epoxy casting is an extremely simple replication process. A silicon stamper is
used to produce substrates with cast microfeatures. Based on the assembly of the molding
setup, the casting process can be classified into two types (1) open casting and (2) closed
mold casting.

Open casting
Figure 27 details the open casting process. A silicon stamper with the parylene C

release layer is first placed on the bottom aluminum mold plate and a Teflon O-ring is
placed on top of it. A second aluminum plate with an opening cut on top is placed on top
of the O-ring and clamped using clamping screws to the bottom mold plate. The epoxy
resin is then poured into the recess with the stamper and cured at 80°C for 3 hours. Then
the mold plates are disassembled and the molded substrate is removed. One side of the
substrate faithfully replicates the stamper but the other side is not guaranteed to be
perfectly flat. Figure 28 shows a picture of a channel cast using the open casting process.
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Silicon Stamper with etched profiles
Coated with Parylene-C

\ Open top Aluminum plate
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Pour liquid plastic and heat to 80°C
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\ Released plastic with micro channels

Figure 27: Schematic of the open casting process.

icroscope picture of a cast epoxy channel obtai

Figure 28: Shown isa m by open casting.

Closed mold casting

This process is similar to the open casting process with the only difference being
that a backing wafer made of polypropylene is placed on top of the O-ring to ensure a
smooth surface on the back side of the substrate. A small access hole is cut in the Teflon
O-ring to facilitate injection of liquid resin into the closed mold. Once the mold is filled
with the resin, the setup is heated to 80°C and cured for 3 hours. The mold is then
disassembled and the cured substrate is released. Figure 29 shows a schematic of the
closed mold casting process and Figure 30 shows microscope and SEM pictures of
microfeatures produced using the closed mold casting process.
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Figure 29: Schematic of the closed mold casting process.
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Figure 30: Microscope and SEM pictures of channels fabricated using the closed mold casting process.

3.2.2.3 Lamination and Bonding

Channels and reservoirs fabricated using replication technologies have to be
sealed in order to provide a closed circuit for transport and handling of fluids. Two
techniques, lamination and bonding have been extensively used for these purposes.
Channels on the cast substrate can be sealed by laminating adhesive coated thin films
using a laminator under controlled temperature and pressure. Alternatively, the channels
can also be sealed by bonding to another substrate.

There are a large number of bonding techniques which have been demonstrated
which can be used based on this type of application to produce hermetically sealed
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channels. Both lamination and bonding use adhesives to achieve attachment. Care must
be taken to ensure that the adhesives have excellent optical and barrier properties and
suitable physical and chemical properties to withstand normal working conditions. This
process is capable of achieving sub micron resolution features. The surface roughnesses
obtained were of the order of 20 nm. This is an exact replication of the roughness of the
sidewalls of the silicon wafer used as a stamper. Figure 31 shows the sidewall of a cast
epoxy channel, which is an exact replication of the rough silicon stamper, obtained after
DRIE.

9
241568x  Electrophoresis channel

Figure 31: Surface roughness of a cast epoxy channel obtained by casting.

3.2.2.3.1 Lamination

In order to seal channels and reservoirs, a flexible transparent film is laminated
[123] on top of the epoxy substrates. The lamination process uses a desktop roll type
laminator (Kepro Circuit Systems, Inc. BLT 121-A, Figure 33) and a thin mylar film
(2 mil, Monokote, Top-Flite, Inc.) is used to laminate the plastic substrates. The substrate
is first treated with acetone, and then the film is laminated onto the substrate by passing it
between two rollers, Figure 32. The process is carried out at room temperature and at a
feed rate of 2 ft/min. Figure 34 shows the cross section of a laminated channel. These
structures show excellent permeation barrier characteristics with water permeability
P < 1.7 ul/cm2/day at room temperature. When these capillaries are filled with a sample,
there is no seeping present at the bond interface.
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Lamination is achieved by sending the plastic + lamination film between two hot
rollers at 80 °C at 2 f/min and a gauge thickness of 2 mm.

Figure 32: Process flow for lamination.

Figure 33: Kepro desktop roll type laminator.
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Figure 34: Cross section of a laminated channel.

3.2.2.3.2 Bonding

Another technique to seal cast epoxy channels is bonding. A flat cast epoxy
substrate is bonded to the epoxy substrate with microchannels using a thin adhesive layer.
The adhesive used is a Blanchard wax solution. Blanchard wax is a commercially
available bonding wax for bonding dies to PC boards. It is soluble in acetone and can be
dissolved completely into a bonding wax solution. Depending on the mix ratio, we can
get low viscosity solutions which when spun on the wafer yield sub micron thick layers.
Blanchard wax is dissolved in acetone (25:100, blanchard wax: acetone by weight) for 30
minutes and stirred continuously to ensure complete dissolution of the wax in acetone.
Figure 35 shows the schematic for the wax bonding technique. First a thin layer of the
bonding wax solution is spun on the substrate with channels then the other flat substrate
is aligned with a flat substrate under a microscope.

+

Spin thin layer of bonding wax solution Bonding substrate
on substrate with micro channels

O

Lamination is achieved by sending the both subsirates between two hot rollers
at 80 °C at 2 fi/min and a gauge thickness of 4 mm.

Figure 35: Process flow for the bonding technique.
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The microscope has an x-y stage for alignment and a z stage for vertical
movement and to apply bonding pressure. Once the two substrates are aligned then the z
stage vertical lift is used to bring the substrates together and apply bonding pressure. The
substrates are held together for 2 minutes to ensure proper bonding. Figure 36 shows
pictures of fluids in the cast epoxy channels bonded using bonding wax.

Figure 36: Pictures of channels bonded using bonding wax.

3.2.2.4 Feed-throughs on Plastic Substrates

On-chip chemical analysis also requires reservoirs on the plastic substrate to store
gels and other reagents. Currently this is done by mechanically drilling holes for this
purpose. We have demonstrated a two mold single cast process that created the channels
and reservoirs simultaneously, Figure 37. A stainless steel plate, the size of a 100 mm
diameter silicon wafer was made and pins of height 1.5 mm and diameter 1.5mm were
press fitted in the stainless steel plate. This plate was then coated with a release layer and
used on one side of the mold to from feed throughs on the plastic substrate. The plate was
uniformly coated with an aerosol based commercially available mold release.
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Figure 37: Stainless steel mold for fabrication of through vias and a fabricated epoxy channel with
through vias.

3.2.2.5 Injection Molding

We have also fabricated plastic substrates for microfluidic applications by
injection molding. We fabricated mold inserts by the silicon etching micromachining
bulk technique. These molds are then used as stampers in molding inserts for the
fabrication of plastic substrates. The molds are designed to fabricate 1 mm flat structures
with one side that is micromachined by introducing a silicon or glass high-resolution
stamp.

We fabricated the mold plates at a commercial machine shop. A two-piece fixture
with injection port, cavity insert, heater, cooling channels, and release mechanism was
designed and manufactured in aluminum because of its machining ease and thermal
properties. Figure 38 shows the manufactured mold. The complete mold system was used
in several mold trials with the following: (a) material: polycarbonate (excellent optical,
chemical, and mechanical properties) (b) geometry: 4" circular plate with microstructures
on one surface (batch fabrication) (c) machine: Arburg Allrounder 221M 350-75, 40 tons
(clamping force), 30 mm (screw diameter) conventional injection molding machine. The
process parameters include injection pressure, injection velocity, melt temperature, mold
temperature, and plate thickness.

Figure 39 shows a typical injection molded polycarbonate substrate (100 mm
diameter, 2 mm thick) with channels fabricated by this method. The width of the channel
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is 200 um and its depth is 5 um. It can be seen from the pictures that the sidewalls are not
very sharp.

Figure 38: The molds plates used for Injection molding.

Figure 39: Injection molded polycarbonate substrate.

3.2.2.5.1 Molding Results

Results indicate that only low resolution replication of microstructures on
polymer surfaces is possible. In addition the polymer melt cannot fill micro cavities
completely. All of the current structures have a low aspect ratio. Finally, a flow mark is
observed on the polymer surface. Figure 40 shows SEM photographs of low aspect ratio,
injection molded structures.

Based on the results obtained and consideration of the equipment and tool making
costs, it was decided that casting was a more suitable alternative. Another problem with
injection molding was that the features obtained were not completely formed. The
pyramid or dome shaped features in Figure 40 are a result of incomplete material flow
into the cavities. Complete material flow would have resulted in rectangular shaped
features with completely flat top surface. In order to obtain a flat top surface, the mold
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plates have to be fit with heaters to maintain the temperature of the mold at the melting
temperature of the material. In addition, high pressures have to be applied. Casting on the
other hand, is a simpler process with much greater flexibility.

ooV Spol Magn Del WD B0 pm
2.00 kV 5.0 400x SE 121 EMAL B/27/99
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Figure 40: SEMs of injection molded low aspect ratio structures.

3.2.2.6 Flip-Chip Bonding

In the development of packaging of electronics, the aim is to lower cost, increase
the packaging density and improve the performance while still maintaining or even
improving the reliability of the circuits. The concept of flip-chip process where the
semiconductor chip is assembled face down onto circuit board is ideal for size
considerations, because there is no extra area needed for contacting on the sides of the
component. The performance in high frequency applications is superior to other
interconnection methods, because the length of the connection path is minimized. Also,
reliability is better than with packaged components due to decreased number of
connections. In flip-chip joining there is only one level of connections between the chip
and the circuit board.

There are many different alternative processes used for flip-chip joining. A
common feature of the joined structures is that the chip is placed face down to the
substrate and the connections between the chip and the substrate are made using bumps
of electrically conducting material. Cross sections of flip-chip joints with and without
underfill material are shown in Figure 41. Examples of the different types of flip-chip
joints are schematically shown in Figures 42 and 43. The two most commonly used
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techniques, however, are solder bumping and the use of conductive and non-conductive
adhesives.

Flip chip without underfill material

Flip chip with underfill material

Figure 41: Cross sections of different flip-chip processes.

Solder bump

Substrate

Metal bump

Substrate

Figure 42: Basic flip-chip joints using solder and metal.
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Figure 43: Flip-chip joints using conductive and non conductive adhesive.

3.2.2.6.1 Solder Joining

In flip-chip soldering processes, solder bumped chips are soldered onto the circuit
board. Solder is also, but not always, deposited onto the substrate pad areas. For fine
pitch applications, solder can be deposited by electroplating, solder ink jet or solid solder
deposition. Tacky flux is applied to the solder contact areas either by dipping the chip
into a flux reservoir or by dispensing flux onto the substrate. For coarse pitch applications
(>0.4 mm) solder paste is deposited on the substrate by stencil printing. The bumps of
chips are placed into the tacky paste and they are reflown in an oven. After the reflow
process, cleaning of the flux is preferred. The underfill material is applied by dispensing
along one or two sides of the chip, from where the low viscosity epoxy is drawn by
capillary forces into the space between the chip and substrate. Finally the underfill is
cured by heat. Repairing of the flip-chip joint is usually impossible after the underfill
process. Therefore testing must be done after reflow but before the underfill application.

3.2.2.6.2 Conductive and Non-conductive Adhesives

Conductive adhesives have become a viable alternative to tin-lead solders used in
flip-chip joining. Adhesively bonded flip-chip joining combines the advantages of thin
structures and cost efficiency. The advantages of conductive adhesives include ease of
processing, low curing temperatures, and elimination of the need to clean after the
bonding process. Anisotropically conductive adhesives also have the ability to connect
fine pitch devices. Figure 44 shows a schematic drawing of flip-chip bonding with
isotropically and anisotropically conductive adhesives (ICAs and ACAs). Also,
nonconductive adhesives can be used for flip chip bonding; in this case the joint surfaces
are forced into intimate contact by the adhesive between the component and substrate.

Isotropically conductive adhesives are pastes of polymer resin that are filled with
conducting particles to a content that assures conductivity in all directions. Generally, the
polymer resin is epoxy and conducting particles are silver. Anisotropically conductive
adhesives are pastes or films of thermoplastics or b-stage epoxies. They are filled with
metal particles or metal-coated polymer spheres to a content that assures electrical
insulation in all directions before bonding. After bonding the adhesive becomes
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electrically conductive in z-direction. The metal particles are typically nickel or gold and
these metals are also used to coat polymer spheres.

Chip
Polymer filled with
/ conductive particles (silver)

Substrate

Chip

e - Conducting parts like Ni balls
¢ ® <+ @ «— filedadnesive

Substrate

Figure 44: Flip chip bonding for electrical contacts.

3.2.2.6.3 Polymer Flip-Chip Process

The polymer flip-chip process developed is a modification of commonly available
conductive adhesive based flip chip processes. Two key techniques - micro-screen
printing and precision die placement - along with basic microfabrication and casting
techniques are used. The only major difference is thin film metal contact pads are
photolithographically patterned on the plastic substrate instead of the metal bumps.

3.2.2.6.3.1 Chip on Flex

Plastic based microfluidic systems are being increasingly used because they offer
high quality devices, which are a low cost alternative, and the turnaround time for
fabricating these devices is extremely small. However due to the material properties of
plastics, fabrication of detectors and sensors on plastics is not feasible. Silicon on the
other hand has excellent material properties but is significantly more expensive and
fabrication process is more complex. Attempts have been made to perform on chip
detection using optical, electrochemical and chemiluminescence techniques. In all these
devices, the detectors are built on a silicon substrate and the channel structures are either
built on top of the detectors or separately fabricated on another substrate and bonded to
the substrate with the detectors. The die space required to support the channel structure is
significantly larger than the area of the detectors, as shown in Figure 45, and much of the
area on the expensive silicon wafer is wasted in supporting the channel structure.
Polymer flip-chip technology offers a cheaper solution by integrating detector die which
can be mass fabricated on a complete silicon wafer, and then embedded in an extremely
low cost plastic microfluidic system. Figure 46 shows pictures of some embedded silicon
chips in cast epoxy substrates.
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Total chip area (~ 2 cm x 2cm)

Detector area (~ 5 mm x 8 mm)

Figure 45: Comparison of the detector area to the total die area [114].

Figure 46: Shown are silicon chips embedded in a cast epoxy substrate with fluidic circuits.

3.2.2.6.3.2 Polymer Flip-Chip Process for Embedded Detectors

The polymer flip-chip process involves integration of silicon micromachined
chips with plastic based systems. It is important to ensure that the functions of the chip
after integration are not affected by the process and continue to perform like they did
before embedding. The key techniques include precise chip location on the plastic
substrate to ensure that the chip is at the right position with respect to the fluidic circuit
on the plastic substrate, attachment of the die to the plastic substrate, ensuring perfect
electrical contact to the chip and access to the chip contacts from the outside.

Figure 47 illustrates the process flow for integrating a silicon chip with a plastic
wafer using the polymer flip chip process. A plastic substrate with channels is first
laminated to seal the channels. Then a thin layer of metal is evaporated and
lithographically patterned to form the contacts and alignment marks on the plastic wafer.
Electrically conductive epoxy, which serves as both an electrical contact and glue, is
micro-screen printed on the contact pads on the plastic substrate. The silicon die is
patterned with backside alignment marks corresponding to the alignment marks on the
plastic. A precision pick and place machine is used to precisely locate the die on the
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plastic wafer such that the die is aligned and the contact pads on the die are bonded to the
conductive epoxy on the plastic wafer. The electrically conductive epoxy sets over a
period of 12 hours but the process can be can be accelerated by heating. To enclose the
device, the plastic substrate with the attached chip is set in an aluminum mold with an
O-ring and a backing wafer and liquid epoxy resin is used to embed the chips. Contact
holes to the electrodes can be drilled using a drill press.

Cast plastic substrate
I ] Pick and place micro machined
device
Laminate to seal channels E
| I
| I
Pattern metal contacts Cast plastic on the backside to
B embed the device
— ==
Screen print electrically | IS

conductive epoxy

| I

Figure 47: Process flow for embedding silicon chips in plastic.
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Figure 48: Alternative process flow for embedding chips in plastic.

46



An alternative approach using the same techniques like precision die placement
and p-screen printing can also be employed to embed chips in a separate substrate and
then bond that substrate to another substrate with the channels. Figure 48 illustrates this
process flow.

3.2.2.7 Micro Screen Printing (u-Screen)

Micro-screen printing is a development of screen printing technology aimed at the
production of very fine features for electronic or other applications. It is a simpler
alternative to other more complex patterning techniques like lithography, liftoff and
etching. It is particularly useful in cases where the feature sizes are fairly big (> 50 pum)
and the feature definition is not very critical. Another advantage is the flexibility of the
process; by controlling the printing parameters any liquid or gel can be screen printed on
any substrate.

The p-screen shown in Figure 49 can be used on a standard thick film-printing
machine in the same way as a standard mesh screen. However, because of its unique
construction, it is capable of much greater resolution down to 50 um line and space.
Wider lines can also be printed. The p-screen is made from a stainless steel foil, which is
micro-etched with a series of ink feeder holes. The etched feeder hole pattern is computer
generated from a customer's own CAD layout file. Hence, each p-screen effectively has a
custom mesh which exactly matches the print pattern. This avoids the interference and
poor print edge definition produced by the random alignment of a pattern to a standard
wire mesh. An organic gasketing layer is applied to the underside of the foil, which
allows the ink to flow beneath the metal 'bridges' between the holes and defines the sides
of the printed lines and areas. The p-screen is mounted in a conventional screen frame
and is used in a normal off-contact mode on a standard printing machine.

Figure 49: A typical stencil type micro-screen for micro-screen printing applications.

The design is made as a CAD layout showing the features to be printed. Specially
developed software is then used to produce artwork for etching ink feeder holes and for
patterning the gasketing (emulsion) layer. Ink feeder holes are produced in the metal foil
by electro-chemical etching. A gasketing layer (emulsion) is applied to the underside of
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the etched foil, and patterned to form channels that control the spread of the printing
solution. The foil is then mounted onto a carrier mesh in a conventional printing frame.

Figure 50 shows a typical screen printing machine. The machine contains a holder
onto which the screen is mounted and locked into position. There is an x-y stage capable
of angular motion which also contains a vacuum chuck to hold the substrate on which the
printing is done. There is also a Teflon squeegee that is mounted in a holder located right
above the screen. The squeegee is capable of x (downward) and y (along the plane of the
screen) movement. The pressure applied by the squeegee on the screen (printing
pressure) and the speed at which it moves across the screen can be controlled or
automated. There is a microscope with alignment cross hairs located right above the
chuck that holds the wafer. The process is simple. A blank substrate is loaded on the
chuck and the chuck is moved underneath the screen. The screen is brought down and the
material (solution) to be screen printed is applied at one end of the screen. The squeegee
presses down on the screen applying printing pressure and then sweeps across the screen
thus evenly coating the material through the openings on the screen. The squeegee is then
withdrawn and the chuck is brought back to the original position under the microscope.
The cross hairs are aligned to the printed features and the blank substrate is removed. The
substrate on which printing is to be done is then placed on the chuck and the chuck is
moved using the x-y stage to align areas to be screen printed to the cross hairs (alignment
process). Once the alignment is complete the chuck is again moved under the screen and
the squeegee is used to print the material evenly through the holes in the screen onto the
substrate. The substrate is then removed with the printed features.

f

Figure 50: Typical screen printing machine for printing on flat surfaces.

3.2.2.7.1 Electrically Conductive Epoxy

The H-20E compound is a commercially available electrically conductive epoxy
recommended for screen printing on plastic substrates. This silver filled epoxy resin
adhesive is ideal for creating strong, highly conductive solderless connections and
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repairs. It is used for circuit board repair, surface mount connections, static discharge,
shielding and grounding. This epoxy is excellent for bonding heat sensitive components.
The physical properties of H-20E are shown in the table 4.

Table 4: Physical properties of H-20E.

Epoxy H-20E

# of components 2

Mix ratio 1:1

Cure temperature 60°C
Viscosity 2200-3200 cPs
Volume resistivity < 0.00004 Q-cm
Thermal conductivity 29 W/mK
Max. operating temperature 200°C
Lap shear strength 3400 psi
Degradation temperature 400°C
Shelf life 4 days

The H-20E provides quick, solderless electronic connections, which are excellent
for bonding surface mount components. These epoxies offer excellent electrical
conductivity while also providing high strength conductive bonds. They can be quickly
cured at low temperatures or no heat cure (air-dries) in a few hours (cold solder). They
are also flexible enough that even after curing the epoxy can be reworked or removed
using a hot soldering iron. Figure 51 shows micro screen printed H-20E bumps on a
plastic substrate.

Screen printed conductive
silver filled epoxy bump

50 um

Figure 51: Screen printed conductive epoxy bumps.

3.2.2.8 Precision Die Placement

To enable integration of silicon chips with plastics, a second key technique is
required. This technique involves die placement at precise locations on the plastic
substrate. A die pick and place instrument (Royce instruments) is used to accomplish this.
The semi-automatic die pick and place system is an elegantly simple, low cost machine
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for picking die from sawn wafers mounted on adhesive film or waffle packs and placing
them on plastic wafers. The die pick-and-place system is designed for die handling where
flexibility and rapid setup are of great importance. Capabilities include picking and
testing laser diodes, handling die as small as 0.008 in?, picking pressure sensitive die and
CCD imager chips with non-surface contact option. The instrument, shown in Figure 52,
was modified to improve accuracy. The microscope setup was removed and replaced by
two microscopes with CCD cameras connected to TV screens. The cameras are at right
angles to each other to help minimize alignment error. The alignment marks on the
plastic wafer are accomplished by using metal lines, which can be patterned along with
the electrical contacts. The silicon wafer, with the chips for embedding, is patterned on
the backside to provide alignment marks which are necessary since the silicon chips have
to be flipped before being placed on the plastic substrate. The plastic wafer is placed on a
vacuum chuck, which is placed on a moving table. The table is capable of movement
along the x and y directions. The die is picked up using a vacuum tip, shown in Figure
53, which is capable of movement along the z direction and rotational movement. The die
is picked up and then the table moves bringing the plastic substrate under the tip. The
table movement can be programmed since the system is provided with a computer. Once
the die is approximately above the given location, precise alignment can be done using a
puck which controls the fine motion of the table. The puck moves the table both in the x
and y directions and also controls the rotation of the tip. The die is brought in close
proximity with the plastic substrate and the alignment is completed. Then the tip is
brought down and the chip is released. The chip bonds to the conductive epoxy on the
bonding pads. Entire wafers can easily be processed using this machine. Die placement
locations can be programmed which improves the process speed and offers a degree of
automation.

Figure 52: The Royce 110 die pick and place system.
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Figure 5: Close up view a silicon chi held by the vacuum tip jSt before placement.

3.2.2.8.1 Embedding Silicon Chips with Heaters on Plastic

After developing the techniques for precision silicon die placement onto plastic
substrates we decided to pick and place chips with simple devices to establish proof of
concept. First, metal heaters were mass fabricated on silicon wafers. A blank silicon
wafer was taken and a 1 um layer of thermal oxide isolation layer was grown. Then a
layer of aluminum (200 nm) was deposited using an evaporation process. The aluminum
was photolithographically patterned into resistive heaters with 20 um wide heater lines.
The substrate was then flipped over and backside alignment marks were patterned
photolithographically using photoresist. The wafer was diced and individual dies were
transferred to waffle packs.

A cast epoxy wafer with channels was sealed using the lamination process. Then,
metal layers of chrome (adhesion layer) and aluminum were evaporated on the laminated
surface (Cr/Al, 50/200 nm). The metal layers were then photolithographically patterned
to form the metal contacts, interconnects and alignment marks. The contact pads on the
plastic wafer were screen printed with silver filled electrically conductive epoxy bumps
using the u-screen printing process. A stainless steel emulsion mask with 50 um square
openings was used. The height of the features obtained was approximately 30 um. The
plastic wafer with the contacts printed with silver epoxy is transferred to the pick and
place system and the dies are picked and precisely placed by aligning the alignment
marks on the back side of the silicon chip to the alignment metal lines on the plastic
substrate. Figure 54 shows pictures of the back side and front side of a chip with a heater
which has been placed using the above process. Figure 55 shows a plastic substrate with
embedded silicon chips with heaters.
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Figure 54: Microscope pictures of the back and front side of a precision placed silicon chip on a plastic
substrate.
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Figure 55: Embedded active silicon micromachined devices on plastic.
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4.0 Demonstration Devices

The integration of multiple analysis functions on a single device, and the
integration of off-chip device control elements, will provide advantages in
miniaturization, system portability, and operational automation. Microfabricated devices
with multi-analytical functions for molecular and biochemical analysis have been
reported on glass, silicon-glass and silicon-plastic. The use of plastics as substrates for
these kinds of devices is becoming a feasible alternative approach as a result of the
versatile material properties and the ease of batch fabrication through molding and
embossing processes. However, function or active component integration is difficult to
achieve with these fabrication technologies. Plastic casting as an alternative technology
presents unique advantages. While high-resolution microfluidic features can be fabricated
by curing casting material against a microfabricated mold, this technique also allows
complex devices with integrated functional components is cast formed through
embedding. In this section of the report we discuss numerous demonstration devices,
including the first cast formed miniature plastic micro thermal reactor with integrated
heating, cooling and temperature sensing elements. These demonstration devices leverage
the work that was performed on surface and bulk micromachining techniques, as
discussed in section 3 of this final report.

4.1 Paraffin Microactuators

This section describes a new, yet simple, family of microactuators that provide
both large displacements and high forces, are simple to fabricate, and are easily
integrated with a large variety of microelectronic and microfluidic components. The
actuators use the high volumetric expansion of a sealed, surface micromachined patch of
paraffin heated near its melting point to deform a sealing diaphragm. Two types of
actuators have been fabricated using a simple three mask process. A piston-type structure
consisting of a circularly patterned patch of paraffin sealed with a thin metallized
parylene diaphragm, on top of a metallic heater element used to melt the paraffin. The
second microactuator uses a constrained volume reservoir structure providing hydraulic
advantage thus magnifying the center deflection height of the diaphragm.

Steady state diaphragm deflection measurements as a function of heater power
have been measured using Wyko NT-2000 and Zygo NewView 5000, non contact,
optical surface profilometers. All center deflection measurements correlate to calculated
values, within 5% relative error.

Response time of the actuators has also been measured for devices on both glass
and SiO,/Si substrates. Two methods are used to measure the response time. First, a gain-
phase analyzer (Hewlett Packard 4194) is used to measure the frequency response of the
phase shift of the heater impedance. The frequency at which the phase shift is a minimum
is the cutoff frequency of the device. The second measurement technique measures the
response with a test circuit [57] which uses an operational amplifier whose time
dependent output voltage is proportional to the time dependent resistance of the actuator
heater. Both measurement techniques produce similar results.

4.1.1 Microactuation

Currently, many low voltage electromechanical microactuators based on
electrostatic, magnetic, bimorph, thermopneumatic, and shape-memory forces have been
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fabricated. A parameter that characterizes the ability of an electromechanical actuator to
exert work on a load is the actuation energy [24] Faga, Where F; is actuator force and g, its
maximum displacement. Actuators can be scaled and operate under various conditions.
Therefore a more suitable parameter is the actuation energy divided by the total actuator
volume,

Pa = Faga/Va (11)

when the actuator is operated under low voltages. P, has units of pressure (or Jm®) and
approximately normalizes these differences. Table 5 shows P, extracted for several low
voltage microactuators [25, 26, 27, 28]. The majority of these devices can provide either
a large deflection but not a large force or vice-versa. It is clear that the electrostatic
actuators hold the lowest density and the thermal actuators have the highest [27]. Among
these thermopneumatic and shape memory alloy (SMA) microactuators pack the largest
density. This is not surprising since they convert electrical to mechanical work through a
high density working substance. SMA actuators provide very large forces, but their linear

Table 5: Actuation power P, for several low voltage microactuators. Dimensions used to calculate P, for the
paraffin microactuator: P,=100 MPa, A,=4n 10°® m? €,=10 x 10° m, and V,=4n x 10 m®.

Actuation Type P.(dm?d)
Piezoelectric (PZT) 10°
Electrostatic (comb-drive) 10°
Electromagnetic Thermal 10°
Expansion (Ni/Si)

Thermo-pneumatic 10°
Solid-Liquid 10°
Phase Change

(acetimide)

Shape Memory 10’
Alloy (Ni-Ti)

Solid-Liquid

Phase Change 10’
(paraffin)

deformation strain is limited to about 8% [27]. Therefore SMA often use mechanical
advantage schemes to increase displacement. In addition, SMA actuators are typically
difficult to fabricate due to film stoichiometry or inherent stress problems.
Thermopneumatic actuators provide both large displacements and forces, but their
fabrication and integration in large microsystems is often cumbersome [29] due to the
necessity of loading the working substance, typically a liquid, into a sealed cavity. The
last bold entry of Table 5 shows the actuation power of a paraffin solid-liquid phase
change microactuator, a new type of microactuation device developed in this research.

4.1.2 Polymer Phase Change Microactuators

Volume dilatation can be induced by phase transformation by varying the
temperature of the polymer, thus providing an actuation function for most polymers.
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Thermal expansion is related to the internal structure of the material. Intermolecular
forces play a more significant role than the intramolecular bonds primarily because the
bond lengths between atoms and those between segments of the chain are essentially
independent of temperature [30].

Typically, a large increase in molar volume accompanies the solid-liquid phase
change (melting) process. Table 6, adapted from [30], lists the measured volume change
of several polymers indicating that many polymers experience a large volumetric change,
as large as 40%, upon melting. These large changes in volume may be used to provide a
large actuation power, as shown previously in Table 5. Hexatriacontane and
tetratetracontane are alkanes which provide a large volumetric expansion with relatively
low melting temperatures. The Logitech material (OCON-195) is a paraffin wax mixture,
used for bonding applications and has a lower volumetric expansion than the pure
paraffins but the same melting temperature as hexatriacontane.

Table 6: Thermally induced volumetric changes due to solid to liquid phase change of several polymers.

Polymer Th (K) Volume change (%)
Polyethylene 410 14.8
Polypropylene 456 20.9
Polybutene 400 13.9
Poly(4-methyl pentane) 510 104
Polyisobutylene 320 11.3
Polystyrene 513 11.8
Poly(tetra fluoroethylene) 600 21.7
Polyformaldehyde 460 20.5
Poly(ethylene oxide) 340 15.1
Poly(ethylene terephthalate) 540 7.9
Nylon 6,6 538 11.6
Tetratetracontane 360 38.1 (513K)
Hexatriacontane 348 40.9 (513K)
Logitech 345 17.7 (423K)

Mechanical work in the new polymer microactuators is created through the
volumetric expansion of the paraffin actuation layer during the melting process as the
paraffin is electrothermally heated. As the polymer is heated beyond its melting
temperature it expands creating hydrostatic pressure. This pressure, typically in the 6.9 -
69 MPa range [31], is translated to the output of the actuator. Macroscale paraffin
actuators have been used for many years with the earliest reported applications in
automotive thermostats [32]. Recently, paraffin actuators have been used in other
applications [31] and in satellite antenna positioning systems [33]. More recently,
endoscopic surgical instruments based on a paraffin actuation mechanism resulting with a
stroke of 8 mm against a load of 1 kg have been reported [34]. In general, paraffin
actuating films are attractive for microactuator applications for the following reasons: 1)
low temperatures can generate large forces 2) paraffins are cheap and plentiful with
varying chain lengths 3) expansion characteristics can be smoothed for specific
applications and 4) paraffins can easily be surface micromachined.

4.1.3 Piston-Type Microactuator

A piston-type microactuator structure has been designed and fabricated using a
thin paraffin actuation layer which is sealed with a thin parylene layer. The parylene layer
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also serves as the actuator diaphragm. Mechanical work is created through the volumetric
expansion of paraffin occurring during the solid to liquid phase change when the paraffin
is heated. As the actuator is heated through the melting temperature range of the paraffin,
the paraffin expands thus creating hydrostatic pressure translated directly to the
diaphragm.

4.1.3.1 Device Structure

Figure 56 shows the piston-type microactuator structure which is based upon the
thermal expansion upon melting of a thin layer (typically 5-20 um) of paraffin. The
paraffin layer is deposited over a metallic heater on either glass or SiO-/silicon substrates.
The paraffin layer is then patterned and sealed with a flexible parylene layer which also
serves as the diaphragm.

Figure 56: Cross-section of thermally activated paraffin microactuator.
4.1.3.2 Diaphragm Deflection

For the case of a circular plate of radius r, under a uniformly distributed load po,
the lateral displacement is

u=cylnr+car?Inr+car® + ¢y + por'/64D (12)

where the c's are constants of integration. For a plate with clamped edge the boundary
conditions are

u=0,du/dr=0(r=ry), (13)
C1=C, =0, C3 = -Pofa*/32D, €4 = pora*/64D (14)
The deflection is then
u(r) = pa/64D(ra2 - r2)? = pofa 164D(1 - r’/r2)>? (15)
Therefore
u(m) = Umax(1 - %)? (16)

where 1 = r/ry and Umax IS the maximum center deflection of the diaphragm. Equation (16)
depends somewhat on the boundary conditions chosen at the rim. The volume underneath
the deflected diaphragm is then calculated

Vg & Umax Jo™ 2ru(r)rdr = (1/3)Umax Fa>. (17)
This volume must be occupied by the expanding paraffin. Therefore
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Umax = 3mtp, (18)

where t, is the thickness of the paraffin layer and m is the percent volume expansion
coefficient of the material. For the Logitech material with m = 0.1 and film thickness
t, = 9 um then

Umax = 2.7 um (19)

4.1.3.3 Heater Structure

The heating elements used in this research are made of either aluminum (Al) or
gold (Au), both E-beam evaporated with a thin chrome (Cr) layer to improve adhesion to
the substrate. A serpentine structure was chosen such that a nearly uniform area can be
heated. Figure 57 shows the serpentine heater structure for a 200 um diameter circular
paraffin layer.

Substrate

i

400 um

Figure 57: Serpentine heating structure shown with circular pattern representing the patterned paraffin
actuating layer.

The heating element generates the energy required to heat the paraffin layer due to
electrical resistance (Joule) heating. The heater resistance is defined as

R = (pe/t)(L/W) = R N, (20)

where pe is the electrical resistivity, t is the heater thickness, L the length, W the width,
R = pelt is the sheet resistance, and N = L/W is the number of squares. The corners of
the heating element have a larger resistance than a straight heater section and have been
taken into consideration. For a corner with a ratio of 1 the resistance is 2.5 times larger
than a straight section of equal length.

4.1.3.4 Fabrication

The microactuators presented in the previous section have been fabricated using
surface micromachining steps at temperatures below 110°C using three lithography steps.
Figure 58 shows a simplified process flow. The actuators are fabricated by first patterning
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metallic heaters on the substrate followed by the thermal evaporation of the paraffin
actuation layer.

Following the deposition of the thin paraffin actuating layer, all processing
temperatures must be less than the melting temperature of the paraffin material, which in
this research is between 75-87°C. Lithography dehydration and soft bake temperatures
are reduced to a value of 65°C for 1.5 hours. Since all feature sizes, patterned with these
low temperatures, are large (< 50 um), the low curing temperatures did not significantly
affect the performance of the lithography. Standard exposure energy density values (as
suggested by photoresist suppliers) for a power density of 5 mW/cm? and subsequent
development times have been used for all low temperature lithography steps.

Next, a 5000 A thick layer of parylene is vapor deposited on the paraffin film. A
Cr/Au (500/3000 A) RIE etch mask layer is next evaporated on top of the parylene film.
A 2.7 um thick layer of photoresist (Microposit SC1827) is next spin casted and
softbaked at 65°C for 1.5 hours until it is no longer tacky. The resist is then exposed and
developed but not hardbaked. Next the Cr/Au layer is wet etched to form the physical
etch mask. The parylene and paraffin beneath are then selectively patterned in an O,:CF,4
plasma in an Applied Materials 8300 RIE with a water cooled electrode (maintained
between 10-17°C). A 2-4 um thick layer of parylene is next deposited on the paraffin to
form the sealing diaphragm. Finally, after etching the contact holes, aluminum contact
pads are evaporated and patterned. Figure 59 shows a microscope photograph of a piston-
type microactuator with a 9 um thick layer of thermally evaporated paraffin with the
Cr/Au etch mask removed clearly showing the heater underneath the transparent paraffin
film.

Deposit and pattem heaters

Figure 58: Simplified paraffin microactuator process flow.
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Figure 59: Top view of sealed actuator with heater clearly visible (Cr/Au physical mask has been removed).

4.1.3.5 Experiments

Fabricated actuators have been packaged and wire bonded. The deflection heights
for all actuators have been measured optically using a non contact surface profilometer
(Wyko NT 2000). The deflection height as a function of electrical input power has also
been measured.

4.1.3.5.1 Diaphragm Deflection

The actuator parylene diaphragm profile has been measured for different input
powers. Figure 60 shows the diaphragm deflection profile for the piston-type device, with
a 9 um thick Logitech paraffin layer, for different heater voltages. The deflection for the
300 and 400 pum devices was also 2.7 um. The measured deflection was very close to the
calculated value verifying an expansion coefficient of about m = 0.1 for thermally
evaporated Logitech paraffin films.
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Figure 60: Deflection height measurements (using Wyko NT-2000 non contact surface profilometer) for a
200 pum diaphragm device for three different heater voltages.
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Figure 61 shows the measured peak deflection as a function of power for a 200
um radius diaphragm on a glass substrate. To achieve the 2.7 um deflection height
requires approximately 100 mW input power for the 200 um radius actuator and about
150 mW input power for the larger 400 um device.
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Figure 61: Deflection height measurements (using Wyko NT-2000 non contact surface profilometer) as a
function of input power.

4.1.3.5.2 Heater Resistance

The measured resistances deviated from the calculated values mainly due to
processing related issues. Since the metal heaters were patterned using wet, isotropic
etchants, the geometry of the metal lines is far from ideal. When the width of the heater
legs are increased, the effect of patterning is less significant. The actuator heaters for the
mass flow control valve were designed to be at least 8 um wide. The wider heater legs
resulted in only 5% deviation between designed and measured resistance values at room
temperature.

The metal heaters, in these devices, are operated at relatively large current
densities and therefore are susceptible to an electromigration effect. Electromigration is
caused by the movement of atoms in a thin metal film due to momentum transfer from
the electrons carrying the current. During operation at large current densities, the metal
atom movement can induce voids ultimately resulting in an open circuit heater failure.
The most common solution is to add a small amount of a heavier metal. Aluminum
heaters were found to perform better than gold heaters. Gold heaters were susceptible to
open circuit failures with relatively low current densities.

4.1.3.5.3 Electrothermal Models

Electrothermal models of the paraffin microactuator have been developed to
predict both steady state and transient behavior of the actuator heater. A simple one
dimensional model has been developed to predict the steady behavior of the actuator
heater. A three dimensional finite difference electrothermal model of the device has also
been constructed and simulated using the Heating 7.2 software package [59].

Many material parameters are required for evaluating both electrothermal models.
For steady state thermal models, thermal conductivity is required for all materials. Figure
8 showed the measured thermal conductivity of the Logitech paraffin. For the one
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dimensional model, an average thermal conductivity of the paraffin has been used. For
the three dimensional finite difference based model, the temperature dependent thermal
conductivity has been used. For transient models the heat capacity of all materials is
required. Figure 6 showed the measured heat capacity of the Logitech paraffin used in the
three dimensional transient simulations. Emissivity of the parylene diaphragm layer has
been calculated using infrared absorption spectra from [36] and used for surface
temperature measurements as boundary conditions for the electrothermal model of the
paraffin microactuator.

4.1.3.5.3.1 One Dimensional Steady State Model

Figure 62 shows the one dimensional cross-sectional slice of one of the heating
elements of the actuator structure. A one dimensional electrothermal model of this slice
has been developed and used to estimate the temperature profile of the device. Since the
paraffin overlaps the heater onto the substrate, excess heat will be lost from the paraffin
to the substrate. This extra heat loss has been accounted for in the model using a shape
factor coefficient n. The value of n can be estimated from measured data from the
microactuator. The temperature profile of the one dimensional structure can be estimated
by solving the one dimensional heat equation.

Figure 62: One dimensional schematic of actuator cross-section.
Figure 63 shows the differential element of the microactuator slice of the cross-
sectional area. Formulation of the electrothermal model of the actuator begins by first

performing a heat balance of the differential element. The actuator heat balance is
estimated by

Qtotal = Pg + Qcond + Jeonv + Qrads (21)
where Quoral IS the net rate of change of the internal energy of the heater element, Py is the
heat generation term, Qcong IS conductive heat flow, qcony IS cOnvective heat flow, and Qrag
is radiated heat flow. The total heat flow can be expressed as

Qtotal = Chph WZAX[OV/t], (22)

where c;, is the specific heat of the heater, p, the heater density, w is the heater width, z is
the heater thickness and Ax is the length of the differential element.

61



Figure 63: Differential element :f actuator used for electrothermal analysis.
The power generation term is given by
Py = J° po(V)WzAX = 3po WzAX(1 + % (v - To)). (23)
The conductive heat flow in a single element primarily consists of heat flow into the
paraffin/parylene layer, g.. and the heat lost to the substrate, gs. Combining all terms,

taking the limit and neglecting the effect of the convective and radiative heat loss leads to
the one dimensional heat equation

OVIOX® + ev = (Lap)ovldt - ¢ (24)
where
e=P+yAx® =AxTo-Tsp-7Tsg-d (25)
Oth = Kn/Chph, (26)
B = v ztp(icp/n), (27)
v = (Uztp)(kglxn)a (28)
0= szo/Kh, (29)

where v = T(x) — To (To = 300 K), y is the linear temperature coefficient of resistance, a
is the thermal diffusivity of the heater material, J is the current density, po is the electrical
resistivity at temperature Ty, kp IS the thermal conductivity of the heater material, n is the
shape factor coefficient to compensate for the heat loss from the paraffin film to the
substrate, Ty, is the top surface temperature of the parylene diaphragm layer and T is the
bottom surface temperature of the glass substrate layer. Thermal conductivity, ., is the
composite thermal conductivity of the paraffin and parylene regions

Ke = (Kpata + Kpbtb)/(ta+tb), (30)

where xpa and Kpp are the thermal conductivities of the paraffin and parylene layers,
respectively. Equation (24) is solved subject to the boundary conditions v(x=0, t) =
V(X=L, t) = v(x, t=0) = Ty, Tsg = Tsp as a function of input power. Using the method of
separation of variables, we get

V(X,t) = Vgs + Vg, (31)
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where v is the steady state solution and vy is the transient temperature solution which is

not applicable for this model. The average steady state temperature of the heater can be
calculated

Vss = 1/L .[LO Vss 0X, (32)

which after integration becomes

Vss = @l (/e - To)tanh(g)L/2/Ne L/2. (33)

Evaluation of Eq. (25) requires material parameters as well surface temperatures of the
parylene diaphragm layer (Tsp) and the bottom surface of the glass substrate (Tsg). For all
operating conditions, it is assumed that Tsq does not significantly increase above ambient
temperature because the glass substrate is 1 mm thick. The parylene diaphragm, however,
IS expected to increase above ambient temperature depending on the heater input power.
The parylene surface temperature has been measured under steady state conditions using
an infrared detector (Inframetrics, Inc. SC 1000 with close-up lens adaptor) with 100 um
spot size with a 3.4 - 5.0 um spectral band. Variables important for surface temperature
measurements are distance between sample and detector and surface emissivity. The
sample was measured to be 10 cm from the detector for all temperature measurements.
The average emissivity is calculated numerically in the 3.4 - 5.0 um spectral band,
determined by the infrared detector using the infrared absorption characteristics of an
18 um thick parylene film, as shown in Figure 64. An emissivity of € = 0.7 has been used

for all infrared measurements. Figure 65 shows measured diaphragm surface
measurements as a function of heater input power.
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Figure 64: Infrared absorption spectra of an 18 um thick parylene film for estimating surface emissivity in
the 3.4 - 5.0 um spectral band.
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Figure 65: Measured parylene diaphragm surface temperature as a function of heater power.

Assuming the paraffin actuation material occupies a circular region, with a radius
of 200 um and thicknesses: t, = 10 um, t, =4 um, ts =1 mm, L =5.22 mm, z = 0.5 um
and n = 3.52 together with the appropriate thermophysical constants, the temperature
profiles have been calculated. Figure 66 shows the calculated steady state temperature
profile of the heater. A required power generation Py of about 92.1 mW is required to
raise the temperature of the paraffin to about 100°C on glass substrates.
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Figure 66: Example of the steady state temperature profile for an aluminum heater on a Foturan glass
substrate for different currents.

4.1.3.5.4 Electrical Characteristics

The steady state electrical characteristics of the actuator can be derived from the
heater temperature characteristics

Rh = Ro(1 + (v - To)). (34)
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Steady state resistance as a function of temperature has been measured. Paraffin
microactuators were mounted on laminated circuit boards and wire bonded. The devices
were placed in a Thermolyne 48000 laboratory furnace with electrical feed-throughs
connected to an Hewlett Packard 34401A digital multimeter with 8 digit accuracy to
measure heater resistance. The furnace was increased from room temperature (23°C) to
150°C in increments of 5°C. The devices were soaked at each temperature for 2 hours
before a resistance value was recorded. Figures 67(a) and (b) show the temperature
dependence of the actuator heaters for the 400 and 600 um diameter actuators,

respectively.
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Figure 67: Measured steady state heater resistance as a function of temperature (a) 400 um diameter

actuator (b) 600 um diameter actuator.

The heater voltage as a function of current and average steady state temperature

can be expressed as

Vh=1Ry = (|p0L/WZ)(1 + X(M - To)) = Vhss + Ve

(35)

Equation (35) accurately predicts the voltage-current relationship of common materials
for low current densities. However, for larger current densities, the heating effect
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dominates resulting in a nonlinear voltage-current relationship. Figure 68 shows the
measured voltage-current characteristics for a circular 200 pm radius paraffin
microactuator with a 5000A thick aluminum heater.
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Figure 68: Measured aluminum heater voltage-current characteristics for electrothermally actuated paraffin
microactuator.

4.1.3.,5.5 Three Dimensional Finite Difference Models

For the three dimensional steady state and transient heat conduction model of the
paraffin microactuator with heat generation, Eq. (36) can solved numerically using the
finite difference technique with all relevant boundary conditions.

VA(r,t) = 1o ov(r,t)/ét + 1/k P(r,b). (36)

The Heating 7.2 [59] finite difference code has been used to simulate the three
dimensional thermal behavior of the paraffin microactuators. The microactuator structure
was discretized for input into the Heating 7.2 software.

4.1.3.5.5.1 Steady State Model

For steady state solutions, the thermal conductivity and density of all materials are
required. Thermal conductivity and density of the glass substrate, evaporated aluminum
heater and parylene diaphragm are assumed to be temperature independent. Figure 8
showed the measured thermal conductivity of the Logitech paraffin which is highly
temperature dependent. Figure 4 showed the measured specific volume (inverse of
density) of the Logitech paraffin which is highly temperature dependent. The bottom
substrate and top diaphragm surface temperatures are the model boundary conditions.
The bottom surface of the glass substrate is assumed to remain near room temperature
for all thermal modeling of the device. The top diaphragm surface has been measured in a
previous section of this report.

The effects of convective heat transfer have been considered for the three
dimensional model. Forced convection is assumed negligible as no detectable airflow was
induced across the microactuator surface. The effect of free convection (or natural
convection) was estimated by calculating the Grashof number for the actuator structure.
The Grashof number plays the same role in free convection as the Reynolds number plays
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in forced convection. The Grashof number (GrL) is a ratio of the buoyancy force to the
viscous force acting on the field

GrL = gB(Ts - T)L3NV? (37)

where, g is the gravitational acceleration, B is the expansion T, ambient temperature, v is
the kinematic viscosity and L is the characteristic length of the surface. All fluid
properties are used at the average temperature T¢ = B(Ts - T..)/2. The Grashof number has
been calculated for three different heater conditions with air as the surrounding fluid. All
fluid properties were taken from tabulated data [60]. For a horizontal surface the
characteristic length is

L = AP, (38)

where, A is the actuator diaphragm surface temperature and P its perimeter. Table 7
shows the calculated Grashof numbers for different heater input power levels.

Table 7: Calculated Grashof numbers as a function of heater input power.

Power (mwW) Ts (°C) Grashof number
58.00 33.70 6.98 x10™
169.12 62.80 2.31 x10™
293.79 95.30 3.28 x10™

Due to the low Grashof numbers, the free convection effects are assumed
Negligible [61]. The heat losses due to radiation, although small, have been included in
the three dimensional model

Orad = eAc(Ts*- T4, (39)

where, ¢ is the surface emissivity, A the area of the actuator diaphragm and o is the
Stefan-Boltzmann constant. The surface emissivity of the parylene diaphragm in the
spectral range of the infrared measuring instrument was calculated earlier in this section
and the value of ¢ = 0.7 is used for modeling the radiative heat loss term in the three
dimensional model. The steady state model was input to Heating 7.2 for the three
different heater input power values using the boundary conditions and material
parameters discussed earlier. The steady state problem was solved using the steady state
overrelaxation (SOR) technique [59] with a steady state convergence of 10 and
overrelaxation factor § = 1.9. Computation time on a Sun SPARC10 workstation was
14 minutes and 4 seconds. Figure 69 shows steady state simulation results for three
different heater power levels. The diagrams show the temperature profiles across the
surface of heater structure.
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FiQUre 69: Three dimensional steady'state heater simulation results for different heater electrical in'put
power values.

4.1.3.5.5.2 Transient Response Model

The transient response of the paraffin microactuator has been modeled using the
three dimensional finite difference model developed in the previous section with the
inclusion of the measured thermally dependent heat capacity material parameters and the
latent heat of transition material parameter for the paraffin actuating layer. The heat
capacity for the glass substrate, aluminum heater and parylene diaphragm are assumed to
be independent of temperature. Figure 6 showed the measured heat capacity as a function
of temperature for the Logitech paraffin. Transient models were constructed for
simulation with Heating 7.2 using the steady state results for heater input electrical
powers of 169 and 92 mW with diaphragm temperatures of 62.8 and 43.3°C, respectively,
as the initial conditions for the transient calculations. Since the actuator model has been
constructed on a glass substrate, the frequency response of this device is determined by
the cooling rate of the actuation layer. The transient solution was found using Levy's
explicit method with a 107 time step. The transient solution for an initial heater
temperature of 171°C was found in 208 minutes using a Sun SPARC10 workstation.
Figure 70 shows the calculated cool down time of the actuator heater for the two initial
temperatures. For the 171°C initial heater temperature, the heater cools down in about 40
ms (25 Hz), roughly consistent with measurements on devices with the same dimensions.

The transient responses of the actuator heaters have been measured. First, the time
response of the microactuator has been measured indirectly. Figure 71 shows the test
circuit [57] used to measure the time response of the microactuator. The circuit driving
voltage Vi(t) with a period 2A is used to alternate heating and cooling cycles of the
actuator with switching diodes D; and D,. The amplifier output is proportional to the
thermal response time of the actuator as the input source is cycled from positive to
negative.

68



T I T I T I T I T
o L Levy's explicit solution ]
s with phase change at 72°C .
5 _
< Radius: 200 um ]
= Thickness: 9 um
e Substrate: Glass
_.8‘ A
=
oL
m -
0 20 40 60 80 100

Time (ms)
Figure 70: Three dimensional transient simulation results.

Vo(t)

Ra(t)

+
v €3
Actuator

Ra=150Q
R1=2KQ
R2 =1KQ
R3 =10KQ

(a)
Figure 71: Test circuit used to measure actuator response time.
When D; and D, are forward biased (negative cycle), the driving voltage is

applied across the terminals of the actuator heating element for time A and the current
through the heating element in this cycle is

la1(t) = Vi(t)/Ra. (40)
In the positive cycle, D; and D, are reversed biased and therefore
la2 = Vi(t)/R1 since Ry >> Ry(t). (41)

Since I3 >> a2, this is the cooling cycle and R,(t) decays to a lower value. The output of
the amplifier is [57]

Vo(t) ~ Ra(t) Vy/Ry(1 + Ra/Ry) o« Rat). (42)

Figure 72 shows that during the cooling cycle the output voltage reaches a minimum in
about 35 ms, which is consistent with the previous measurement for devices on glass
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Figure 72: Measured response time for a 200 um radius diaphragm Logitech actuator on a glass substrate.

substrates. Response times for silicon devices of about 3 ms (333 Hz) have been
measured. Measured response times ranged from 30 to 50 ms for 400 to 200 pum radius
devices which is consistent with the high thermal storage of the latent heat of fusion for
paraffin equal to about 175 kJ/kg. For the SiOj/silicon substrate devices, the time
constant is reduced by a factor of 10 (3-5 ms) at the expense of much larger power
dissipation. Phase measurements of the heater impedance were also measured with a
Hewlett Packard 4194 Gain Phase Analyzer (HP4194). The minimum in the phase
response indicates a maximum response time of the device. Figure 73 shows the results
for an actuator with 400 um diameter, 9 um thick actuating film on a 1 mm thick glass
substrate. The minimum phase response indicates the upper cutoff frequency of about 30

Hz for this device.
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Figure 73: Measured heater phase response for the 200 um radius diaphragm showing 30 Hz cutoff.

4.1.4 Hydraulic Advantage Structure

The center diaphragm deflection can be further increased by rigidly confining a
portion of the diaphragm, thus allowing a smaller surface area of the diaphragm to deflect
an increased distance. A much larger deflection is achieved from the microactuator
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because the volume is constrained on the edges by a diaphragm, reaching a deflection
between 100 - 125% of its thickness at its peak.

4.1.4.1 Device Structure

Figure 74 shows that this is practically achieved by introducing etched support
posts for the sealing diaphragm such that r, > r,. When the paraffin is electrothermally
heated beyond its melting point it expands. Since the paraffin must expand, and the outer
ring of the diaphragm is constrained with posts, the molten paraffin will flow towards the
center of the device thus deflecting the unconstrained region of the diaphragm. The
posted regions essentially form a reservoir of expanding wax that must flow and expand
in the central region only. Since this structure introduces an increased deflection height,
then less material is required, thus improving the response of the microactuator.

Diaphragm

Constrained
Region
Figure 74: Top view of microactuator diaphragm with posts.

Based on experiments, the dimensions of the etched posts were chosen such that
the posts were large enough to withstand the pressure of the expanded paraffin while
small enough not to hinder the inward flow of the molten paraffin. The designed posts are
square and 10 um on a side.

4.1.4.2 Diaphragm Deflection
The deflection of the hydraulic advantage diaphragm when actuated is easily

calculated and shows that the deflection height is magnified by factor which is the square
of the ratio of the radii.

Umax = 3Mity(ro/ra)” (43)
For this design, radius dimensions are chosen such that ro = 2r, resulting in an ideal
central diaphragm deflection magnification factor of four. For a film thickness of 3 um,

the central deflection is

Umax = 3.6 um (44)
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4.1.4.3 Fabrication

Actuators with hydraulic advantage have been fabricated using the same process
steps described previously, however, the third lithography mask was changed defining
etch holes in the physical mask for the posts. Figure 75 shows microscope photographs of
an actuator with support posts.

Non-Constrained L l
Diaphragm Region .,  ‘posts -
7 & 10
L [ ] ~—
E P "
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Figure 75: Top view of the constrained diaphragm microactuator with and an evaporated paraffin thickness
of 3 um and 600 um diameter diaphragm.

4.1.4.4 Experiments

Fabricated actuators have been packaged and wire bonded. The deflection height
for all of the actuators has been measured optically using a non contact surface
profilometer (Wyko NT 2000). The deflection height as a function of electrical input
power has also been measured.

4.1.4.4.1 Diaphragm Deflection

Figure 76 shows the measured diaphragm deflection profile for a 400 um partially
constrained diaphragm device. The center diaphragm deflection was about 3.1 um, which
is very close to the calculated value of 3.6 um, assuming an expansion coefficient of m =
0.1. The constrained regions were not completely restrained from moving, shown in
Figure 76, accounting for the discrepancy between the measured and calculated center
diaphragm deflection distances. At higher input voltages, the diaphragm in the
constrained regions expanded indicating a post failure or failure of the flexible parylene
layer to withstand bending between the support posts. Although the measured deflection
height deviated from the ideal estimation, the device presented demonstrates the concept
of using the hydraulic advantage principle to improve the performance of the paraffin
microactuators. Figure 77 also shows the measured deflection as a function of input
power. Note the reduction in power consumption in the pinned diaphragm device due to
the volume reduction and thinner film.
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Figure 76: Measured diaphragm deflection of a 400 um radius pinned diaphragm device with a 3 um thick
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—~ r ! I T T T : .
SRV Radius: 200 um (b);
= . Thickness: 3 um 1
- [ Substrate: Glass 1
= i 4
TN B
o i ]
LE i -
Q i -
o L -
% i 100 % Deflection 7
~ O 7=e sso o boos | ) )
0 20 40 60 80 100

Power (mW)

Figure 77: Measured deflection height as a function of input power for the 400 pum radius pinned
diaphragm device with a 3 um thick paraffin layer.

Microactuators with the hydraulic advantage structure have been fabricated using
1:4 and 2:3 OCON-195 CgzH74 compound paraffin mixtures resulting in volumetric
expansions of 22% and 19%, respectively. Figure 78(a) shows the measured deflection
height versus input power for devices on silicon substrates with 1:4 compound actuating
films. The power dissipation was approximately 10 times for the same deflection
previously. Figure 78(b) shows measured results for a pinned diaphragm device with a
2:3 Logitech CgsH74 compound actuation layer which produced peak center deflection
heights ranging from 2.1 - 3.1 um with a paraffin thickness of 3 um. Actuators were
constructed on both glass and silicon substrates. The glass devices required between
50 - 200 mW of power and had response times between 30 - 50 ms. The response times
for silicon devices were much faster (3 - 5 ms) at the expense of a larger actuation power
ranging between 0.5 - 2 W. The large volume expansion materials are much more

73



efficient in terms of power dissipation and response time because thinner films can be
used to obtain the same deflection.
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Figure 78: Measured deflection vs. input power for the partially constrained diaphragm actuator (a) 1:4
LogitechCssH74 layer (b) 2:3 Logitech:CsgH-, layer.

4.2 Microvalves

Microvalves can be divided into two groups: active and passive. Active valves use
an actuator to control the valving action, while passive valves do not contain the active
actuator element. In general, active microvalve performance can be characterized by a set
of measurable quantities. The important valve characteristics are ease of fabrication, low
power consumption, flow range, leak rate, size, scalability and potential for batch
fabrication.

Passive microvalves are typically used as check valves [14] or flow control
components for micropumps [15]. Passive valves can also be used as rectifiers to regulate
gas or liquid flow [16]. The relationship between the flow rate and pressure is analogous
to electrical current and voltage relationship in a semiconductor diode. Typically, a small
reverse gas or liquid leakage, a high breakdown pressure and fast response time are the
most important device characteristics.

Active microvalves are devices which use a mechanical actuator as the flow
control mechanism. The mechanical actuator is the physical mechanism which can
precisely control the flow of gas or liquids. A key advantage of active versus passive
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valves is that the active devices can be operated despite the differential pressure across
the device.

Over the past decade elaborate microfluidic valves have been constructed based
on electrostatic, magnetic, piezoelectric, bimorph and thermopneumatic actuation
methods [15, 5, 1]. Because of their complexity, the majority of these devices are made
by bonding many thick glass or silicon substrates together; some even requiring external
cavity fills. This bulk micromachining construction technique makes the valves large and
difficult to integrate with other components in microfluidic systems.

Key to the successful fabrication of these active microvalves is a reliable
actuation mechanism which provides reasonably fast response times, low power
requirements, low leak rates, simple fabrication process and can be easily integrated with
the microvalve structure and other microfluidic components.

Active microvalves developed in this research use a microactuator based on the
thermal expansion of a sealed, surface micromachined patch of high actuating power
paraffin film. The working substance is in solid state throughout the fabrication process
permitting the fabrication of many actuators on the same die without the need for
working fluid filling or post-process sealing operations.

4.2.1 Active Blocking Microvalve

This section presents the design, fabrication and testing of a new, active,
normally-open blocking microvalve that uses the piston-type paraffin microactuator. The
entire structure is batch-fabricated by surface micromachining the actuator and channel
materials on top of a single substrate. The paraffin actuated microvalves are suitable for
applications requiring many devices on a single die, low processing temperatures, and
simple, non-bonded process technology. Gas flow rates in the 0.01 - 0.1 sccm range have
been measured for several devices with actuation powers ranging from 50 - 150 mW on
glass substrates. Leak rates as low as 5 x 10 sccm have been measured. Both nickel
electroplated and parylene valves have been fabricated and differ only in the reservoir
and channel structural materials.

4.2.1.1 Device Structure

Figure 79 shows the cross-section of the blocking microvalve which has a 500 um
diameter inlet hole through the 1 mm thick substrate leading to a reservoir. The reservoir
is connected to a 3 mm long capillary channel with a 200 x 10 um? cross-sectional area.

Figure 79: Cross-section of blocking microvalve.
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The channel leads to a circular reservoir where the actuator and outlet hole are located.
Directly above the actuator is the 100 um diameter outlet hole. When the actuator is
activated, the diaphragm is deflected vertically pressing the diaphragm layer against the
valve seat thus sealing the outlet hole. Since paraffin can provide very large actuation
forces, a very good seal is easily attained with low actuation power.

The distance between the diaphragm and the valve seat is the gap height, which is
determined by the deflection height on the actuator. For this design, the deflection
distance was about 3 um, therefore a 1.3 um gap height was used, ensuring a good seal
between the diaphragm and valve seat. Larger deflection distances are possible using
thicker paraffin films, alternative paraffin materials (larger volumetric expansion), or
mechanical advantage schemes [62]. In addition, the gap height can be easily increased
using a thicker gap setting sacrificial photoresist layer as will be shown in the next
chapter.

4.2.1.2 Steady State Gas Flow Model
The steady state gas flow in the gas valves developed in this research can be
described by flow models developed for the vacuum industry [63, 64, 65, 66].

Flow Regimes
The gas flow in the microvalve can be in a viscous state, a molecular state or in a

state which is intermediate between these called the transition state. The mean free path
is very small at atmospheric pressure so the flow of gas is limited by its viscosity. At low
pressures when the mean free path of the molecules is similar to the channel, the flow is
governed by viscosity as well as by molecular phenomena; that is intermediate flow. At
very low pressures where the mean free path is much larger than the channel dimensions,
the flow is molecular.

In the range where the state of the gas is viscous, the flow can be turbulent or
laminar. Thus the flow can be turbulent, laminar, intermediate, or molecular. The limit
between the turbulent and laminar flow regimes is defined by the value of the Reynolds
number. The Reynolds number is a dimensionless quantity expressed for round channels

by
Re = pvDi/m, (45)

where p is the gas density, v the velocity, n the viscosity, and Dy the hydraulic diameter
of the channel. For Reynolds numbers larger than 2100, the flow is entirely turbulent
whereas when Re < 1100 the flow is entirely laminar. The exact value of R, for which the
flow changes from turbulent to laminar is dependent on the surface roughness of the
channel among many other factors, but is valid for most cases [64]. All viscous state
flows in this research are assumed to be in the laminar flow regime.

The limit between laminar, intermediate, and molecular flow are described by the
value of the Knudsen number K, a dimensionless quantity defined as

Kn = Dr/2, (46)
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where Dy, is the hydraulic diameter of the channel and A is the mean free path calculated
using the average pressure in that section of channel. For circular channels, the hydraulic
parameter is simply the channel diameter. For rectangular channels, different hydraulic
diameter expressions have been defined [67]. In this work, the hydraulic diameter for
rectangular channels is

Dy, = 4A/P, (47)

where A is the area of the cross-section and P is the perimeter of the channel cross-
section. The Knudsen number range is

K, > 110 : Laminar flow regime
1 <K, <110 : Transition flow regime
K, <1 : Molecular flow regime

Figure 80(a) shows the channel dimension labels used for all rectangular channel
sections. Figure 80(b) depicts the cross-section of the circular region of the valve
structure. The effective width of the channel is the circumference of the aperture hole
(outlet hole). The length of the channel isL =r; - r;.
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Figure 80: Channel dimensions labels used for all channel sections (a) rectangular sections (b) circular
section.
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Table 8 summarizes the flow regimes discussed in this section.

Table 8: Flow Regimes.

State of Gas Flow Regime Condition
viscous Turbulent Re > 2100
Laminar Re <1100
transition Intermediate 1<K,<110
rarified Molecular Kn<1

Conductance Models

Flow conductance in the laminar flow regime for a circular aperture and
rectangular channel are needed for this device. The laminar flow model predicts the flow
of gaseous fluids when the average pressure in the channel is large. Flow conductance in
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the laminar flow regime through the rectangular channel, for nitrogen gas is modeled as
[67, 68]

Cy = 634Y(a’h%)/L P, (48)
Where
Y = (b/a)[1 - (192/7°)(b/a)tanh((n/2)(a/b)) + 0.0045)] (49)

The flow conductance in the intermediate flow regime is modeled using the Knudsen
relationship, an empirical expression

Ct = CV + Z Cm, (50)
where the factor Z is [66]
Z = (1+2507Ky)/(1 + 3.095K,) (51)
The flow conductance in the molecular flow regime is modeled as
Cm = UW, (52)
where the entrance conductance U, is expressed by
Uo = Avn/4, (53)
where A is the channel cross-sectional area vp, is the mean velocity of the gas
Vin = V(8kgT)/(mtm), (54)
where kg is the Boltzmann constant, T is temperature, and m the mass of the gas
molecule. The term W is the transmission probability and depends on the geometry of the
channel. All channels used in this work can be modeled as either rectangular channels or
parallel plates depending on the ratio a/b. The transmission probability for molecular
flow in rectangular channels such that b > a is well known [69], and is defined as
Wk = (Reff/L)\/RS(ml +Mmy+ms+ m4) (55)
where

A =ab, § = b/a, Res = Vab/. (56)

When a >> b, the transmission probability for molecular flow in the rectangular channel
is modeled as flow between parallel plates, which is also well known [69]

Wp = W1 - Wy, (57)
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where x = L/b and

wi = (12)[1 + V(1 +x) - X] (58)

W2 = ((312)(x - In[ x + V(x"2 + D)D) +3x% - 4 - (X2 + 4L+ x72))  (59)

The transition conductance C; gives the conductance in any flow regime,

assuming that over the whole length of the channel L, the flow regime remains constant.

For molecular flow the term ZCy, is more dominant that C, and becomes the more

dominant term for flow in the viscous regime. The transition conductance expression
inherently introduces 5% error into the estimations of laminar and molecular flow [64].

4.2.1.3 Microvalve Flow Model

The flow conductances presented in the previous section are used to model the
gas flow through the valve structure. Figure 81 shows the conductance model of the
channel structure. Four different conductances are shown each representing a portion of
the channel with different dimensions. The effects of the inlet and outlet apertures were
found to be negligible for the device structures in this research.

Py
Figure 81: Lumped gas flow model showing four dominant channel conductances.

Conductance C; represents the flow in the valve seat region. Conductances C, and
Cs represent the flow conductance from the valve seat region to the channel formed by
the sacrificial layer. Finally, conductance C, represents the flow conductance through the
channel. The flow rate through the device is

Q =APC, (60)
where,
AP =Pt - Pg. (61)
and since the conductances are in series they can be combined as
1/C=1/Cy + 1/C; + 1/C5 + 1/Cy (62)
Saber Model
Saber (Avant!, Inc.) has a model independent simulation environment with a

built-in analog modeling language (MAST). It also has the capability to interface with
foreign routines written in the C or Fortran languages. This means the new expanded
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models can easily be added. These developed models are therefore portable to newer
versions of Saber. Furthermore, Saber accepts state variables with different units as
required in MEMS modeling. In addition, Saber has extensive capabilities for selection of
solution methods and iterative schemes. These features enhance the abilities in solving
the nonlinear dynamics of the system encountered in MEMS device simulation.

Most iterative numerical solvers experience convergence difficulties. In order to
obtain the solution, it is essential to select an appropriate number of steps in numerical
iterations. For example, if a device characteristic has a sharp transition at a particular
point, many sample points and small steps near this region are required, while for smooth
regions of operation, fewer sample points and large steps are needed.

Figure 82 shows the accuracy of the piecewise linear approximation of a
nonlinear function y = f(x) where the linear approximation intersects the function at x;
and X, [70]. That is, x; and x, are sample points of y = f(x). Further, y; and y, are the

y = f(x)
yl

Y, 2

Y1 > .7

X4 X2 X
Figure 82: Accuracy of a piecewise linear approximation.

function values at x; and X, respectively, and ¢ is the maximum error of the linear
approximation of f(x) between x; and x. In order to find approximate sample points for
X, we need to express € as a function of Ax= X, - ;. For a given g, the spacing between X,
and x, depends on the error bounds. Smaller Ax can yield less ¢ at the expense of more
computation points and CPU time. However, larger Ax can speed up the analysis with the
problem of much error.

One of the nice features of Saber is that it permits a direct control of the number
of sample points over a specific region which other simulators do not permit. Therefore,
direct adjustment of the density of sample points with the model is feasible to achieve.
The best convergence is achieved by using piecewise linear approximation with
predefined sample point densities.

Saber uses the Newton-Raphson algorithm to find the DC operating point and
transient solutions (Katzenelson algorithm is also available for transient solution) to the
system of nonlinear equations. The Newton-Raphson algorithm used in Saber is an
iterative procedure which linearizes the nonlinearities as one of the steps in the iteration
loop. Saber provides two control settings that improve the solution-finding ability of the
Newton Raphson algorithm. The first setting specifies sample points in the model that
define the corners of a piecewise linear approximation of nonlinear continuous device
characteristics. Therefore, by increasing the sample point density at selected regions the
piecewise linear approximation used in Saber can model critical parts of the nonlinear
characteristics with adequate accuracy.
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A flow model for the blocking valve has been written for simulation with Saber.
The conductance models from the previous section have been programmed in MAST.
Figure 83 shows the schematic of the flow simulation model. Symbols Pr and Pg
represent steady state pressure sources. Symbols C; — C, are referenced to the flow
conductance model templates. Intermediate pressures Pci — Pcs and flow rate are system
variables which are solved by the simulator. Steady state simulation results are compared
with measured results in a later section.

C: C. Cs: Cs

Pci Pc2 Pes
Pr Ps

Figure 83: Saber gas flow simulation model.

4.2.1.4 Fabrication

The entire blocking microvalve is fabricated using a low temperature process
(< 110°C with the exception of processing the photodefinable glass substrates) and eight
lithography steps. Figure 84 shows the simplified process flow for a nickel electroplated
microvalve. The fabrication begins by patterning the inlet hole in photodefinable glass
substrates (Foturan, Schott Corp.). Patterning the Foturan substrates requires UV
(312nm) exposure followed by a heat treatment schedule which reaches 600°C for 1
hour. During the heat treatment, the substrate surfaces become very rough requiring
surface refinishing. The substrates are then planarized with a 20 um calcined aluminum
oxide slurry (Logitech, Ltd., 0CON-012) for 5 minutes (using the appropriate grinding

Figure 84: Simplified nickel electroplated blocking microvalve fabrication process flow.
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pad) and later polished with an alkaline colloidal silica slurry (Logitech, Ltd., SF1
OCON-140) for 60 minutes. Next, Cr/Au (500/5000A) heaters are evaporated and
patterned on the substrate followed by the thermal evaporation of the paraffin. The
paraffin is then selectively patterned using RIE (pressure=260 mT, CF,:0;, 20:80 sccm,
power = 1100W) with a parylene/Cr/Au (5000/500/3000A) etch mask. The patterned
paraffin patches are then sealed with a 3 um thick parylene layer. Adhesion to the gold
and substrate layers is assisted by a silanation procedure. The parylene layer is then
etched in an O, plasma using a 20 um thick photoresist mask (Clariant AZ 9260). A
fabricated actuator is shown in figure 85.

Elsctrods 400 um ‘\
Holes

Figure 85: Photograph of paraffin actuator with 9 um thick paraffin layer and a 4 um thick, patterned
parylene diaphragm layer.

4.2.1.4.1 Nickel Electroplated Microvalves

Following the completion of the actuator fabrication, the channel and reservoir
structures are constructed on top of the actuator. First, the sacrificial channel and
reservoir areas are formed by spin casting a 20 um thick photoresist (AZ 9260) layer
followed by softbake (65°C for 1.5 hour), exposure (5mW/cm?® for 400 sec.), and
development (1:4 AZ400K (Clariant):DI H,O for 5 mins.). Next, a thin photoresist layer
IS spin cast on the substrate defining the gap height. The entire substrate is then sputter
coated with a Ti/Au (300/3000A) electroplating seed layer. This is followed by spin
casting, exposure, and development of a thick photoresist (AZ 9260) layer (> 20 um)
forming the channel and reservoir mold for nickel electroplating. Next, the 20 um thick
channel structures are electroplated (Barrett-SN nickel sulfamate solution, MacDermid
Inc.). Following plating, the photoresist mold is removed in acetone and the Ti/Au seed
layer is then wet etched using a commercial Au etchant (GE-8148, Transene Co., Inc.
which does not significantly attack the Ni films) and dilute HF solution (10:1 DI
H,0:HF(49%)) to remove the Ti layer. The front side of the substrate is then spin cast
with a thick photoresist (AZ9260) and softbaked at 65°C for 1 hour. The parylene on the
backside of the substrate (from prior depositions) is removed using an O, plasma. The
Foturan glass substrates are then wet etched (10:1 DI H,O: HF(49%)) forming the inlet
holes while at the same time dicing the wafer. Finally, the sacrificial photoresist is
removed from the channels of each device in an acetone bath for at least 60 minutes.
Figure 86(a) shows an SEM photograph of the valve reservoir surrounding the paraffin

82



actuator where the outlet hole is directly above the actuator. Figure 86(b) shows the
reservoir surrounding the inlet hole.

Figure 86: SEM photograph of dewce (a) circular reservoir W|th outlet orifice over the paraffin actuator
(b) square reservoir covering the inlet hole

Figure 87 is a microscope photograph showing the backside of the fabricated
device. Figure 87(a) clearly shows the actuator. Figure 87(b) shows the etched inlet hole
through the substrate.

Figure 87: Microscope photograph of nickel electroplated valve backside showing (a) actuator (b) |nIet hole
through substrate

4.2.1.4.2 Parylene Microvalves

The microactuators for the parylene valves are fabricated using the same process
as the nickel plated valves as well as the sacrificial channel and gap regions. Next, a 15
um thick layer of parylene is vapor deposited. A Ti/Au (500/5000A) mask layer is sputter
coated on the entire substrate. The Ti/Au mask is patterned and the parylene layer is
etched in an O, plasma. Figure 88 shows a fabricated parylene channel valve.
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(b)
Figure 88: Microscope photograph of parylene microvalve (a) Top side of circular reservoir clearly
showing outlet hole and actuator (b) bottom of circular reservoir clearly showing the heater, electrodes,
reservoir and channel

4.2.1.5 Experiments

The fabricated microvalves were mounted on custom made circuit boards and
mounted in a custom made flow rate measurement system. Flow rates were measured
indirectly by monitoring the change in pressure of a fixed volume vessel for a fixed
amount of time. Using the ideal gas law, the flow rates were calculated. Since
measurements were performed in vacuum, the ideal gas law assumption holds with
adequate precision.

Gas Flow Measurements

The die were mounted on custom made circuit boards (copper clad laminate,
kepro circuit systems) with 1 mm diameter access holes concentric with the inlet holes of
the test devices. The dice (1.5 x 1.5cm?) were bonded to the circuit boards with a vacuum
epoxy (Kurt J. Lesker Co.). Figures 89 (a) and (b) show a die mounted on the circuit
board and the circuit board mounted in the top pressure chamber of the flow rate
measurement system, respectively.

Figure 89: Photograph of (a) die containing ten microvalves (three test actuators) bonded to test circuit
board (b) circuit board mounted in the top vacuum test chamber

The center diaphragm deflection was measured through the outlet hole for various
input voltages using a Zygo NewView 5000 non contact surface profilometer with 100X
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magnification and a 5 um, high resolution scan length. Figure 90 shows the center
deflection characteristics for the 9 um thick paraffin actuators at 2 different diameters,
400 and 800 pm.
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Figure 90: Measured actuator center deflection through the outlet hole with a Zygo NewView 5000 non
contact surface profilometer (a) 400 um diameter actuator (b) 800 wum diameter actuator

The valve with a 200 um radius diaphragm deflected the entire gap height with
less than 50 mW. However, the larger valve required about 100 mW input power to
deflect the entire gap region. The slight deflection beyond the gap height is due to the soft
parylene diaphragm pushing into the outlet hole by the molten paraffin.

Since flow and leak rates are expected to be very small, no commercially
available flow meters exist in these small ranges. Therefore, an indirect approach has
been used where pressure change AP for a known period of time At are measured in a
known volume V at the outlet of the device [71, 49]. Figure 91 shows a schematic and
photograph of the test apparatus.
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Figure 91: Experimental flow rate measurement apparatus

The measurement procedure is as follows, initially valves V; and V; are open and
nitrogen is passed through the entire system. The mass flow controller (MFC) is adjusted
such that the pressure in the top chamber Pt is 800 Torr (V1 remains open). To perform a
measurement, valve V, is closed. The pressure increase in the bottom chamber (shaded
portion in Figure 91) is due to the flow through the device under test (DUT) and a small
background system leak. The pressure change Pg is measured with a capacitive
manometer pressure sensor connected to the bottom chamber for a period of time At. The
system leak was measured periodically throughout testing and typically was about
2.5 x 10 sccm. Since the volume of the bottom chamber V is known, fixed, and
assuming the gas is ideal, the volumetric flow rate Q (Torr-L/s) can be determined from
the relationship

Q =d(PV)/dt (63)
which expands to
Q =P dV/dt + V dP/dt (64)
and since V is constant, then dV/dt ~ 0 and the flow rate can be expressed as
Q = (AP/AY) V. (65)
From the ideal gas law, the molar flow rate (moles/s) can be determined

AN/At = (APIAY(V/RT) (66)
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where N is the number of moles, R is the universal gas constant and T the gas
temperature.

Flow rates were measured for different applied voltages for valves with 1.3 um gap
heights. When the diaphragm is fully deflected the flow rate through the device is the
leak rate of the valve. For all measurements, the top side pressure Pt of the device was
maintained at 800 Torr, while the bottom pressure Pg was maintained in vacuum. Figures
92 - 94 show the measured flow rate through 400 um, 600 um and 800 pum diameter
devices as a function of input voltage and power.
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Figure 92: Measured (circles) and simulated (line) flow rate through a 400 um diameter actuator device as
a function of input power (linear-log scale)

The calculated flow rate matches well to the measured flow rate from 0.1 to about
0.01 sccm. The flow model was evaluated only to 0.01 sccm because it fails to predict the
flow rate accurately for very small gaps. This deviation probably occurs because the
flexible diaphragm is pushing against the valve seat creating a complex, non-linear
situation. Measurements indicate flow rates in the 0.1 - 0.01 sccm range, depending on
the gap height, for actuation voltages less than 10 volts while consuming between
50 - 150 mW. The flow rate for this device is determined primarily by the gap height.
Leak rates as low as 5 x 10™ sccm have been measured for the smallest devices. The leak
rate for these devices could possibly be reduced through refinements in the device design.
The leak rates could be reduced by coating the final device with a thin conformal
parylene layer [49]. The final coating layer can enhance the sealing properties of the
diaphragm and seat layer because they are the same material. In addition, silicone rubber
material can also be used to improve the sealing properties of microvalves. Silicone
rubber materials, such as poly-methyldisiloxane (PDMS) which can be spin coated and
later patterned are promising microvalve gasket or O-ring materials. Thin plasma
polymerized rubber films from a hexamethyldisiloxane (HMDSO) source offer
interesting alternatives for fabricating microvalve gaskets. Table 9 lists the simulated
pressure distributions for the three devices as well as a comparison between the simulated
and measured open flow rates.
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Figure 93: Measured (circles) and simulated (line) flow rate through a 600 um diameter actuator device as
a function of input power (linear-log scale)
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Figure 94: Measured (circles) and simulated (line) flow rate through an 800 um diameter actuator device as
a function of input power (linear-log scale)

Table 9: Simulated microvalve pressure distribution and comparison between calculated and measured

open flow
Radius Py Pca Pc2 Pcs Ps Qcalc Qmeas Error
(um) | (Torr) | (Torr) (Torr) (Torr) | (Torr) | (sccm) | (sccm) (%)
200 800 266.6 265.6 264.8 0.1 0.123 0.114 7.8
300 800 302.4 299.2 298.5 0.1 0.153 0.151 1.6
400 800 320.3 317.9 317.4 0.1 0.172 0.179 3.7

4.2.2 Mass Flow Control Valve

A system of microvalves, which use the normally-open blocking valve structure,
as the control valve for a precision mass flow control system was designed. The control
valve is designed to operate over a 0.01 - 5.0 sccm flow range (dynamic range: 500 or
10-bit resolution) at a pressure of 800 Torr and analog control. The flow range for this
type of control valve can easily be increased by adding more valve units and/or
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increasing the gap height. System leak rates as low as 3.2 x 10 sccm (N.) have been
measured.

Mass flow controllers (MFCs) are used in applications requiring accurate gas flow
measurement and control. In the semiconductor industry, MFCs are essential to most
thermal and dry etching processes where etch uniformity and reproducibility are
influenced, in large part, by gas flow rates. If the etch rate is limited by the supply of
reactants, small variations in flow rate or gas distribution may lead to large etch rate non
uniformities [72].

Typical MFCs can be separated into two main components: a mass flow meter
(MFM) and proportioning (PID) controller [73]. The MFM either separates the flow
between the sensing element and a bypass where most of the flow passes in the case of
heated based sensing or passes the flow through a restrictor with known conductance to
accurately measure the pressure drop and corresponding flow rate. The proportioning
controller typically consists of a control valve and electronics. The electronic controller
drives the valve to the correct position so that the measured flow equals the desired flow
setpoint. Figure 95 shows a block diagram of a pressure based mass flow controller [74].

Pressure |:'> PID
Set Point Controller

L1

N .
Flow |

Control Flow
Input L Valve Output

Figure 95: Typical pressure based sensing mass flow controller

Conventional control valves for pressure and flow control typically use
magnetically actuated solenoids or motor drives. Although the majority of commercial
mass flow controllers provide a very low leak rate (typically less than 107 sccm (Ny)),
they are not able to reliably control very small mass flow rates below about 0.1 sccm.
Commercially available, electrically actuated flow control microvalves have been
reported, however, suffer from relatively large leak rates.

4.2.2.1 Device Structure

The normally open blocking microvalve has been used to fabricate the precision
flow control valve. Four microvalves have been connected to a single reservoir. The gap
height of the valves has been increased for this device resulting in an increased open
flow. The simulated open flow of a single valve is 1.265 sccm, therefore the four valve
flow controller is designed to have an open flow of about 5 sccm at 800 Torr. Using the
measured results from the previous section, the minimum controlled flow occurs at about
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0.01 sccm. Since the paraffin actuated microvalves have a fairly linear and predictable
behavior from open flow to a minimum flow value of around 0.01 sccm, the flow
controller is operated in an analog mode. Figure 96(a) shows a schematic of the top view
of the flow control microvalve system. Figure 96(b) shows the cross-section A-A' of the
device with design dimensions. The gas flows through the 500 um diameter inlet hole
through the silicon substrate (<535 um thick) leading to the inlet hole reservoir. The
reservoir is connected to four 900 um long channels leading to the circular reservoirs. All
channels have a 200 x 20 pm? cross-sectional area. The open flow condition occurs when
all valves are open (non-actuated state) and the leak rate is measured with all valves
closed (actuated state).
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Figure 96: Top view and cross-section of the micro flow control valve

4.2.2.2 Fabrication

The entire blocking microvalve is fabricated using a low temperature process
(< 110°C with the exception of the deposition of the silicon dioxide isolation layer) and
seven lithography steps. Process steps (a)-(q) in Figure 97 show the simplified process
flow for the nickel electroplated flow control valve. A 2 um thick thermal SiO, layer is
first grown on the blank silicon wafers. The inlet holes are then patterned in the SiO;
layer on the back side of the substrate. The inlet hole is then partially etched (450 um
deep) in the wafer back side (not completely through the substrate) using the Surface
Technology Systems (STS) Multiplex Inductively Coupled Plasma (ICP) deep reactive
ion etching (DRIE) system. The Cr/Al (500/5000A) heaters are then E-beam evaporated
and patterned (requires back side alignment). Logitech paraffin, 10 um thick, is then
thermally evaporated followed by the deposition of the parylene/Cr/Au
(5000/500/3000A) film stack. The Cr/Au layer is then patterned forming the
parylene/paraffin etch mask. The exposed parylene/paraffin areas are removed using a
CF4:0; RIE step. The parylene diaphragm layer is then vapor deposited and patterned.
Figure 98 shows a fabricated actuator before the channel is formed. The first sacrificial
photoresist layer is then spin casted and patterned forming the reservoirs and channel
regions. The second sacrificial photoresist layer is then spin casted on top of the first
layer and patterned forming the gap height above the actuator. A Ti/Au (500/5000A) seed
layer for the electrodeposited nickel layer is sputter coated on the sample. The thick
photoresist electroforming mold is then spin casted and patterned. The thick nickel
structure is then electroplated (20 um) forming the reservoir and channel regions. After
the nickel deposition is complete, the photoresist mold is removed with acetone and the
exposed Au/Ti areas are wet etched. The inlet holes are then completely etched through
the silicon substrate (50-100 um) using the STS DRIE. The SiO, layer is removed from
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the inlet hole area and finally the sacrificial photoresist is removed from the reservoir and
channel regions in acetone. Figure 99 is a microscope photograph showing the fabricated
device.
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Figure 97: Simplified nickel electroplated micro flow controller fabrication
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Figure 98: Microscope photograph of paraffin microactuator
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Figure 99: Microscope photograph of the nickel electroplated micro flow controller valve system

4.2.2.3 Experiments

The fabricated devices were again mounted on custom made circuit boards and
mounted in a custom made flow rate measurement system. Flow rates were measured
indirectly by monitoring the change in pressure of a fixed volume vessel for a fixed
amount of time. Using the ideal gas law, the flow rates were calculated. Since
measurements were performed in vacuum, the ideal gas law assumption holds with
adequate precision.

4.2.2.3.1 Flow Rate Measurements

The microvalve system die were mounted on custom made circuit boards (copper
clad laminate, kepro circuit systems) with 1 mm diameter access holes concentric with
the inlet hole of the test device. The die (7.5 x 7.5 mm?) were bonded to the circuit boards
with a vacuum epoxy (Kurt J. Lesker Co.) ensuring a leak tight seal. Figures 100 (a) and
(b) show a die mounted on the circuit board and the circuit board mounted in the top
pressure chamber of the flow rate measurement system, respectively.
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Figure 100: Photograph of (a) die containing a flow controller valve unit bonded to test circuit board
(b) circuit board mounted in top pressure chamber

Single Microvalve Measurements

Flow rates were measured for different applied voltages for single valves with
2.2 um gap heights. When the actuator diaphragm is fully deflected the flow rate through
the device is the leak rate of the valve. For all measurements, the top side pressure Pt of
the device was maintained at 800 Torr, while the bottom pressure Pg was maintained in a
vacuum. Figure 101 shows a measured flow rate through the 400 um diameter actuator as
a function of input voltage and power.
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Figure 101: Measured actuator center deflection through the outlet hole with a Zygo NewView 5000 non
contact surface profilometer (a) 400 um diameter actuator (b) Measured flow rate through a single
microvalve (2.2 um gap) as a function of input power

Measurements indicate flow rates for a single valve ranges from 0.02 - 1.305
sccm range for actuation voltages less than 7 volts while consuming about 680 mW of
power (SiO, silicon substrates). Figure 101 shows an example of a measured leak rate of
5.4 x 10™ sccm for single microvalve (average measured system leak rate 2.8 x 10™
sccm). The flow rate for this device, as in the blocking microvalve device, is determined
primarily by the gap height, as discussed earlier. Table 10 lists the simulated pressure
distributions for one of the valves as well as a comparison between the calculated and
measured open flow rates.

Table 10: Simulated microvalve pressure distribution and comparison of calculated Q. and measured
Qmeas Open flowrate

Pr Pci Pe2 Pcs Ps Qcalc Qmeas Error
(Torr) (Torr) (Torr) (Torr) (Torr) (sccm) | (sccm) (%)
800 175.6 173.6 172.1 0.65 1.25 1.36 8.16

Flow Control Microvalve Measurements

The microvalve system flow rate was measured for different states of the four
microvalves all with 2.2 um gap heights. For all measurements, the top side pressure Pt
of the device was maintained at 800 Torr, while the bottom pressure Pg was maintained
in vacuum (1.382 Torr). Table 11 shows the simulated and measured flow ranges for the
flow controller. Figure 102 shows the measured flow rate through the four flow control
valves as a function of input power. First, the open flow rate was recorded with all valves
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in the open (not actuated state) position. Flow rates were then recorded for one valve

Table 11: Simulated and measured flow ranges

Valve 1 Valve 2 Valve 3 Valve 4 Qcalc Qrmeas
open open Open Open 5.00 4.96
variable open Open open 3.75-5.00 3.67-4.96
closed variable Open open 2.50-3.75 2.26-3.67
closed closed Variable open 1.25-2.50 1.17-2.26
closed closed Closed variable 0.01-1.25 0.021-1.17
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Figure 102: Measured flow rate through the four-valve microvalve system (2.2 um gap heights) as a
function of input power

actuated from 0.0 to 7.0 Volts, while the other three valves were in the open flow
condition. Next, the flow rate was measured for one valve in the closed position, one
valve actuated from 0.0 to 7.0 Volts and the other two valves in the open position. The
flow rate was then measured for two valves in the closed position, one valve actuated
from 0.0 to 7.0 Volts and one valve in the open flow position. Finally, the flow rate was
measured for three valves in the closed position and one valve actuated from 0.0 to 7.0
Volts. Measurements indicate a system flow rate ranging from 0.02 - 4.996 sccm for
actuation voltages less than 7 volts while consuming between 0.675 - 2.73 Watts of
power (silicon substrates), depending on how many devices are operating at the same
time. The flow rate for this device, as in the blocking microvalve device, is determined
primarily by the gap layer because its height is an order of magnitude less. Leak rates as
low as 3.2 x 10 sccm have been measured for the system corresponding to measured
leak rates of previous devices.

4.2.3 Inline Microvalve

This section presents a novel paraffin actuated normally-open inline microfluidic
valve. The fabrication of the valve requires a simple, low temperature microfabrication
process making it easily integrated with other fluidic or microelectronic components. Key
to this new inline valve technology is that many independently operating valves can be
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fabricated on a single die permitting the implementation of complex integrated
microfluidic systems on the same substrate.

Each inline microvalve uses a piston element that is microfabricated inside the
capillary. The piston element encloses a sealed paraffin actuation layer. Additional
paraffin reservoirs have been used on both sides of the valve structure providing
hydraulic advantage to the device for increasing diaphragm deflection. When electrically
heated, the sealed paraffin in the reservoir and piston element area expands deflecting the
piston element thus closing the channel. The valve structure presented in this section
demonstrates the feasibility of fabricating integrated microfluidic systems using the
scalable paraffin actuated inline microvalve. This section presents the design, fabrication
and preliminary testing of the integrated inline microvalve.

4.2.3.1 Device Structure

Figure 103 shows a three dimensional rendering of the paraffin actuated inline
microvalve. The actuation layer is fabricated on the top side of the microchannel. A
reduced channel region has been formed in the center of the channel. When the paraffin is
heated, the sealed paraffin layer expands and the top of the channel in the reduced
channel region acts as a diaphragm deflecting downwards closing the channel. Figures

Figure 103: Three dimensional view of inline microvalve showing the paraffin actuation layer

104 (a) and (b) show the cross-section of the inline valve in the normally-open and
actuated closed states, respectively. In the actuated state, the liquid (melted) paraffin,
which is sealed between two parylene layers, forces the bottom parylene layer vertically
downwards closing the channel. The top parylene layer serves primarily as a sealing layer
for the paraffin layer. The bottom parylene layer acts as a diaphragm for the piston
element in the reduced channel region. The top most device layer is the reinforcement
layer preventing the top parylene layer from moving during the actuated state. To

Figure 104: Cross-section of inline microvalve (a) normally-open state (b) actuated-closed state
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increase the closing ability of the valve, hydraulic advantage is used with the aid of two
paraffin reservoirs. When the sealed paraffin actuation layer is heated and subsequently
melted, the reinforcing layer prevents the top parylene layer from moving; therefore, the
paraffin flows towards the reduced channel region, with the aid of the funnel regions,
seeking the path of least flow resistance. The principle of operation is identical to the
operation of the hydraulic advantage device presented earlier. The flexible bottom
parylene layer directly above the reduced channel region deflects downwards closing the
channel to liquid flow. Figures 105 (a) and (b) show top views of the inline valve with
and without the paraffin actuation layer covering the device heaters, respectively. Since
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Figure 105: Top view of inline microvalve (a) without paraffin actuation layer showing the heater structure
(b) with paraffin actuation layer showing the paraffin reservoirs, funnel structure and reduced channel
region

L

the device uses hydraulic advantage, the size of the paraffin reservoirs should be chosen
large enough to ensure adequate closing of the channel. For adequate diaphragm
deflection, the volume of expanded paraffin Vs must be larger than volume Vi, required
to fully deflect the piston element diaphragm.

The volume of the deflected membrane can be calculated by first considering the
deflection of the rectangular diaphragm. Since the diaphragm is rectangular with simply
supported edges, the diaphragm deflection can be expressed as [58]

W(X,Y)=(16Wma)/(127° €1(1 - v2))Zn=r™ Smer” (Sin(nax/L)sin(mmy/2L))/(nm(n? +m?/4)>?),
(67)

where ¢; = 0.11087 and L represents the short side of rectangular diaphragm. The volume
of paraffin contained in the deflected diaphragm can be calculated by integrating the
diaphragm deflection expression

Vaia = Jo™ Jo™ w(x,y)dxdy. (68)

Using L = 50 um, and a maximum deflection distance of wWma = 3 um, the paraffin
volume required to deflect the diaphragm is approximately Vi, = 1446 um?®. The volume
of expanded paraffin in the reservoir regions assuming a paraffin thickness h = 3 um and
expansion coefficient m = 0.1 is approximately Ve = 43 x10® um®. The volume of
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available paraffin is nearly 30 times greater than the paraffin required to fully close the
channel thus ensuring that the diaphragm can be fully deflected.
4.2.3.2 Fabrication

The entire inline microvalve is fabricated using a low temperature process
(< 110°C) and seven lithography steps. Figure 106 shows the simplified process flow for
the inline valve. The process flow shown in Figure 106 follows cross-section A-B from
Figure 105 (a).

Figure 106: Simplified inline microvalve fabrication process flow

The fabrication begins by spin casting a 10 — 20 um thick photoresist (Clariant
AZ 9260) layer followed by softbake (110°C for 10 minutes on a hotplate), exposure
(5mW/cm? for 400 sec.), and development (1:4 AZ400K (Clariant):DI H,O for 5 mins.).
Next, a thin photoresist layer (Microposit SC1813) is spin cast on the substrate defining
the height of the reduced channel region. Typically, the reduced channel region
photoresist thickness ranges between 2-5 um depending on the desired reduced channel
height. The entire substrate is then coated with the bottom parylene layer 3 um thick.
Next, SiO,/Cr/Al (100/300/5000A) layers are sputter coated on the wafer. The Cr/Al
layers are then patterned and wet etched forming the actuator heaters. The SiO; layer is
then removed in the field areas. Paraffin is then thermally evaporated and covered with
the parylene/Cr/Au (5000/500/3000A) etch mask materials. The Cr/Au layers are
patterned and parylene/paraffin films are removed using a CF4:O, RIE step. The second
parylene layer, 5 um thick, is then vapor deposited and patterned. A Ti/Au (500/5000A)
seed layer for the electrodeposited nickel reinforcing layer is then sputter coated on the
sample. A thick photoresist electroforming mold is then spin casted and patterned. A 20
um thick nickel reinforcement layer is then electrodeposited. After the nickel deposition
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is complete, the photoresist mold is removed with acetone and the exposed Ti/Au areas
are wet etched. Inlet holes in the reservoir are then etched in an O, plasma using a
photoresist mask. Finally, the sacrificial photoresist is removed in acetone. Figure 107
shows many fabricated inline valves on a single square die. The density of the batch
fabricated inline microvalves shown can be increased as the individual devices are
scalable and the geometry can be optimized for functionality and performance. Figure
108 shows a fabricated inline valve after the sacrificial photoresist has been removed.

Figure 107: Microscope photograph of a 7.5 x 7.5 mm? die showing many independently operating valves
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Figure 108: Microscope photograph of a single fabricated inline valve
4.2.3.3 Experiments

The performance of the valve was tested by visually measuring the presence or
absence of liquid in one side of the microchannel while the opposite reservoir is filled
with a test liquid. First, the channel was closed by applying a positive voltage to the
heater thus actuating the paraffin actuator. One of the channel reservoirs was then filled
with deionized water with a 10 mL syringe. The heater voltage was then removed
opening the channel to the test liquid. Finally, the channel is closed and the liquid is the
isolated from the test liquid source. If the channel is closed the isolated liquid will
evaporate. Since the heater structures are fabricated on parylene, which has a very low
thermal conductivity, the actuation power requirements are very low, on the order of
25 mW, for a single valve. These low power requirements are important when fabricating
large integrated microfluidic systems.

Liquid flow measurements

Figures 109(a), (b) and (c) show photographs from a video clip of the inline
microvalve opening and closing the channel to deionized water flow. First, 3.0 volts was
applied to the device heaters thus closing the channel as shown in Figure 109(a). The
reservoir, not shown, was then filled with deionized water. The channel is visibly free of
water indicating that the channel is sealed in the actuated state. The heater voltage was
then changed to 0.0 volts opening the channel to liquid flow. Figure 109(b) shows that
the channel turned dark indicating that it completely filled with water after the
microvalve was opened and did not subsequently evaporate until the channel was closed
again. The heater voltage was then changed back to 3.0 volts closing the channel to liquid
flow. Figure 109(c) shows that the water in the channel evaporated indicating that the
microvalve completely sealing the channel to liquid flow.

99



raphs of the inline microvalve opening and closing the capillary to
deionized water flow

More comprehensive testing of the microvalve is required. A micropump can be
connected to one reservoir and the test liquids subsequently forced through the channel.
Uncharged microspheres added to the test liquid can be used to optically measure the
flow rate of the liquid in the channel. The flow rate as a function of heater input power
can then be measured.

4.3 Microfluidic Pump

Pumps are essential in microfluidic systems for fluid transport but also have other
applications like mixing, cooling and pressure generation. Pumping can be achieved
using different actuation mechanisms such as electronydrodynamic, electrokinetic,
mechanical displacement and bubble generation. All of these have been miniaturized and
used for pumping liquids in mostly glass and silicon based microsystems. Ideally, pumps
should be inexpensive, easy to fabricate and easy to integrate within a plastic microfluidic
system with high flow rates and pressure generation at relatively low power. For most
bioassay applications, bubble generation and local heating of the liquid are undesirable.

We have developed a wax-based actuator similar to the actuator developed by
Carlen et al. that makes use of the large volumetric expansion of wax when it transitions
from solid to liquid phase to generate large volume displacement that can be used to
pump liquids. The volumetric expansion of PEG 8000 is significant and volume changes
of up to 30% can be obtained. The fabrication technique is simple and inexpensive and
these actuators can be mass fabricated on cast epoxy substrates. The actuator is used in a
nozzle-diffuser arrangement in series to generate a net fluid flow. The pump uses
relatively low power and there is no bubble generation because it operates at low
temperatures (< 100°C at the surface of the wax patch). The device is fabricated using
epoxy casting. The channel structure is cast on one substrate and the wax actuator is
fabricated using a screen-printing technique on another substrate. Both the substrates are
then bonded together using an adhesive bonding technigue.

4.3.1 Nozzle-diffuser pumps theory

Nozzle-diffuser pumps are built by coupling a nozzle, pumping chamber and
diffuser together in series. The volume of fluid in the pumping chamber is periodically
varied using an oscillating pressure (actuator). The kinetic energy of the fluid (velocity) is
converted to potential energy (pressure) in both the nozzle and diffuser but the efficiency
of this process is much greater in the diffuser direction thus discharging more fluid
through the diffuser. If Qq is the discharge through the diffuser and Q, the discharge
through the nozzle then an increase in the chamber volume causes /Qd/ > /Qn /and a
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decrease in the chamber volume causes /Qd /< /Qn/ resulting in a net pumping action,
as shown in Figure 110.
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Figure 110: Principle of operation of nozzle-diffuser pumps and fluid flow with increasing and decreasing
chamber volume.

The pressure differences across the diffuser and nozzle are given by
APy = pu E4l2 (69)
APy = Va2 &2 (70)

Where APy and AP, are pressure differences across the diffuser and nozzle, respectively,
&q and &, are the pressure loss coefficients for the diffuser and nozzle, and v4 and v, are
the average velocities at the diffuser and nozzle. If &4 is less than &g, then pumping will
occur in the direction of the diffuser. These pumps cannot generate large pressures and
are suitable for low-pressure fluidic systems. The volume flow rate is given by

. |:(§n /égd )1/2 _1:|
Q—me, (71)

where Q is the volume flow rate, V is the volume variation per cycle, and f is the pulse
frequency.

4.3.2 Fabrication

The device is fabricated using plastic casting as, shown in Figure 111. The
substrate with the channels, reservoirs, pumping chamber and the nozzle-diffuser
geometry is made using epoxy EPOTEK 301-2 FL, see Figure 112(a), which is a clear
optical grade epoxy (> 97% light transmission), with low viscosity (125 cpS at 100 rpm)
and glass transition temperature Ty = 65 C. A stamper with 50 um tall negative replicas
of the channels, chamber and nozzle-diffuser geometry is formed by etching a silicon
wafer using a deep RIE process (SFs 160 sscm, C4Fg 80 sscm O, 13 sscm, coil power
800W, and platen power 600W). The stamper is then vapor deposited with a 1 um thick
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parylene layer, which serves as a release layer to aid separation of the cured plastic from
the stamper. The silicon stamper is sandwiched with a Teflon O-ring (2 mm thick) and
flat polypropylene disc in an aluminum mold. The epoxy resin is injected into the
sandwich and maintained at 80°C for 3 hours and then the cured plastic is released.
Access holes for channels and electrodes are drilled using a micro drill press. A second
epoxy substrate is made by casting, using EPOTEK-314, a clear, high temperature epoxy
(Tg= 150°C). This epoxy is essential because of the metal heaters and contacts. The two
substrates are then bonded using an adhesive which is patterned on the surface using
conventional photolithography techniques and the plastic must be able to withstand
temperatures of up to 110°C. This epoxy is made using the same technique but a blank
silicon wafer with a 1 um thick parylene layer is used instead of the etched stamper. The
released substrate is then vapor deposited with a 0.5 um thick parylene layer to improve
adhesion of metals to the surface. Then metal layers Cr/Al (50 nm/ 200 nm) are
evaporated onto the substrate and heaters and contacts are patterned using
photolithography.

The wax patches are made using a screen-printing process. The screen-printing
process uses a 15 um thick stencil screen made of aluminum with precision cut openings
for wax printing. The plastic substrate (EPOTEK 314) with the patterned heaters is then
mounted on the screen printer and the openings on the screen and the heaters on the
substrate are aligned and the screen is locked in position. The wax used is Polyethylene
Glycol, MW 8000 (PEG 8000), which is a water-soluble carbowax with a melting point
of 65 C and a volumetric expansion of 30% on transition from solid to liquid. The wax is
melted by heating to 80°C and then screen-printed using a teflon squeegee (2kPa
pressure, 8 ft/min speed). The substrate is released and placed in an oven at 65°C for 3
minutes for the wax to re-flow and to obtain a smooth surface. The contacts for the
heaters are masked using masking tape and the substrate is coated with 4 um thick
parylene C layer. Figure 112(b) shows a picture of 15 um tall wax actuator.
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Figure 111 (a) and (b). Shown is the process flow for fabrication of the channel structure and wax actuator
respectively.

The EPOTEK 301-2 FL substrate with the channels and nozzle-diffuser geometry
is spin coated with a 0.5 um thick layer of bonding wax solution (Blanchard bonding wax
dissolved 1:1 by weight in acetone) and then aligned and bonded to the EPOTEK 314
substrate with the wax actuator using a laminator with the rollers at 60°C, speed of 2
ft/min and gauge of 4 mm. The access holes for the electrodes are filled with conductive
epoxy and cured at room temperature for 18 hours. Figure 112(c) shows a picture of the
bonded device. The pumping chamber is 500 pum in diameter with diffuser angle of 30",

and channel widths of 400 um.
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Figure 112: (a) Pictures show SEM of EPOTEK 301-2 FL substrate with chamber, channel and nozzle-
diffuser geometry, (b) wax actuator on EPOTEK 314 substrate and (c) bonded nozzle-diffuser pump
respectively.

4.3.3 Thermal Modeling

Actuation methods like bubble based actuation makes use of bubble generation in
the liquid to create a volume change in the pumping chamber which causes a net flow in
one direction. Bubble generation occurs at elevated temperatures and is not ideal for
transport of biofluids, which are sensitive to high temperatures. The wax-based actuator
operates at lower temperatures and the thermal modeling, which was performed to
determine the heater temperature and the heat transferred to the fluid in the channels,
shows that the temperature at the wax-liquid interface at the maximum operating power is
less than 100°C. This is essential to avoid generation of bubbles and to prevent sample
loss due to evaporation and sample damage due to high temperatures.

A one dimensional steady state heat transfer model was developed to first model
the temperature of the heater with increasing power. The heater is fabricated on top of an
epoxy substrate by evaporation of 200 nm of aluminum. The resistance of the fabricated
heater, which is 0.01 m long, 100 um wide was determined and found to be 80 ohms. The
temperature of the heater can be determined by modeling the system using a steady state
model with constant thermal properties and ignoring the losses due to radiation. By the
first law of thermodynamics we know

Eg - Eout = Est (72)

where Eq, Eout, Est are the energy generated, energy outflow and the energy stored per
unit volume respectively and are given by

Eq = I°Re’L (73)
Eout = h(#DL) (T - T.) (74)
Eq = d/dt (oVcT) (75)

where 1 is the applied current, Re’ is the electrical resistance per unit length, L is the
length of the wire, D is the diameter of the wire, V is the total wire volume, T is the
temperature of the wire, T. is the ambient temperature, p is the density of aluminum and
c is the specific heat capacity of aluminum. Since we assume steady state, the term Eg
goes to zero. The equation reduces to

D h(T-T) =R (76)
The temperature of the heater for an aluminum wire, with the given dimensions,

for different applied current was calculated and plotted in Figure 113. The maximum
operating current was approximately 30 mA (5V AC).
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Figure 113. The graph shows the calculated change in heater temperature with increasing current
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The entire actuator can also be modeled using a one dimensional steady state heat
transfer model. Figure 114 shows a layer-by-layer representation of the actuator along
with the thickness of each layer. The actuator that was modeled for the test devices had a
2 mm diameter and a height of only 20um and therefore the heat transfer through the
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Figure 114: Layer by layer representation of the actuator.

sides is negligible. The convection heat transfer coefficient of water can be calculated
using the equation

h = (Re)" (Pr)4IL (77)
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where Re and Pr are the Reynolds number and Prandlt number, respectively and L is the
length traveled by the fluid. The value of h was 45 W/m?K, and a convective heat transfer
coefficient of air 100 W/m*K was assumed. The thermal conductivity of epoxy, PEG
8000 and parylene C are shown in Table 12. The thermal resistances of each layer are
calculated and since we know the ambient temperature and the heater temperature for
different applied voltages the fluid temperature T,, can be calculated.

Gc =01 + G2, (78)

where qc, gi, and g, are equal to the power generated and dissipated in the upward and
downward direction of the actuator equal to

0= (Te—Tw) /R (79)
Q2=(Tc-T.) /R (80)

where T, Ty and T. are the heater, fluid and ambient temperatures, Ry is the sum of
thermal resistances in the upward direction and R, the sum of the thermal resistances in
the downward direction. The values of T, for different values of applied current have
been previously calculated, therefore T,, can also be calculated for different values of
current and the plot is shown in Figure 115. From the Figure, it can be seen that the
temperature of the fluid at the interface at maximum operating current 30 mA (5V AC) is
below 100°C.

Table 12: Thermal conductivity of materials used in fabricating the PEG 8000 actuator
Thermal Conductivity

Material (W/mK)
PEG 0.23
epoxy 6.92
parylene 0.86
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Figure 115: The graph shows the change in fluid temperature with increasing current. The pump usually
operates below 30 milliamps (2.5V DC).
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4.3.4 Measured Results

The surface profiles obtained due to deflection of the membrane due to expansion
of wax at different applied voltages is shown in Figure 116. Voltages up to 5V were
applied and a maximum deflection of 23 um was obtained at 5V. The deflecting 4 um
parylene C membrane containing the wax fails at higher voltages due to high stress
obtained when the wax expands, which results in the liquid wax escaping from the
actuator.

Flow rate measurements were made using the setup shown in Figure 117(a) and
the particle flow velocities were measured for different applied voltages and pulse
frequencies. Volume flow rates were calculated and plotted, as shown in Figure 118. A
flow rate of 70 nl/min was obtained at an applied voltage of 5V AC and a pulse
frequency of 1 Hz. The wax-based actuator operates best at lower frequencies (0.5 Hz -
1.5 Hz). This is due to the slow response time of the carbowax. High frequencies result in
low volumetric expansion and hence low volume displacement, because the heat
generated due to the pulse is not sufficient to melt the entire wax patch.

Experiments were performed to calculate the pumping pressure generated using
the nozzle-diffuser pump. The setup used is shown in Figure 117(b). The channels were
filled with fluid and air was trapped in a column, which is located just past the diffuser.
The pump was operated at 5V AC and the pulse frequency was varied. The pressure
generated was calculated from the data obtained for height of the trapped air column.
Maximum pumping pressure of 1400 Pa was obtained at a frequency of 1 Hz. Results are
plotted in Figure 119.
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Figure 116: Optical profiles of the deflection heights of the wax actuator surface obtained at different
voltages using a ZYGO optical interferometer.
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Channel design for Flow rate measurement w/o back pressure

Flow direction

Sealed outlet ports
Figure 117: Channel design for calculation of (a) flow rate with zero back pressure and (b) pumping

pressure.
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Figure 118: Volume flow rates obtained at different pulse frequencies for different applied voltages.

108



Pumping Pressure vs Frequency

1600
1400 A
1200 -
1000 [
800 -

600 ,

Pumping pressure (Fa)

400 1 /
200 1/

Pulse Frequency (Hz)

Figure 119: Pumping pressure generated at 5V, plotted for different pulse frequencies.
4.4 PCR Device

4.4.1 Device Fabrication

Materials for plastic casting are liquid monomers or pre-polymers that are stable
under ambient temperature or in the absence of UV light. Once mixed with hardeners, or
heated to a higher temperature, or brought under UV radiation, they start to polymerize or
cross-link, becoming solids. Unlike other plastic replication techniques, casting processes
can be carried out under near atmospheric pressure at relatively low temperature ranges.
This makes it possible to incorporate functional elements out of various materials. The
monomers or the pre-polymers are in a relatively low viscosity fluidic state during the
casting process, which leads to intimate mold contact, and as a result, high-resolution
micro features.

Figure 120 shows the structure of the thermal chemical reactor. The cylindrical
reaction chamber (glass capillary, Laboratory Devices, Inc., with 1 mm inner diameter
(ID)) is surrounded by a resistive heater coil (Scientific Instrument Services, W73). The
reaction mixture temperature is sensed with a thermocouple (Omega Engineering, Inc.
OD 250 um). A thermal electric device (Melcor, 4 mm x 4 mm X 2.2 mm) is positioned at
the bottom of the chamber to facilitate cooling and to assist uniform heating. The entire
assembly is embedded in a transparent polymer matrix (Epotek, 301-2FI) with the normal
heating side of the TE device exposed for better heat conduction.
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Figure 120: Device design and fabricated PCR device.

Figure 121 shows the schematics of a casting mold assembly. Device components
were first pre-assembled on a release-assisting surface at one side of the metal mold. A
circular Teflon O-ring with a sample injection opening was placed around the component
assembly. The mold was closed by placing a second release assisting surface. After the
mold assembly was tightened to avoid leakage, casting resin was injected and cured at
110°C for 50 minutes.

The fabrication scheme presented here allows achieving the 3-D nature of the
structure. This would be very difficult to accomplish through other fabrication
technologies that are based on surface micromachining or multilayer stacking.
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Figure 121: Process flow for fabrication of the PCR device.

4.4.2 Thermal Modelling

Modeling was carried performed understand the thermal performance of the
device using the ACE+ software package from CFD Research Corporation. The
computational domain includes the plastics, sample, liquid wax and air regions as in a
normal testing situation, shown in Figure 122. The governing equation is the energy
conservation equation in 2D asymmetric form. The boundary conditions assumed here
were natural convection on the top of the cover as well as the sidewall of the device. At
the bottom, the device is in contact with a thermoelectric (TE) device, and does have
some heat loss. The computed steady-state temperature distribution is shown in Figure
122. The input power was varied until the maximum temperature of the sample was
94°C. At a heater power setting of approx. 0.12 W the maximum temperature inside the
sample was 94°C. As seen here, the temperature in the sample is a maximum inside the
mid-height of the sample. A temperature variation of about 1°C was seen over the entire
sample volume.

4.4.3 Device Characterization

A controller (Physical Interface Device (PID) loop) (MOD30ML from ABB) was
programmed to allow flexible automation. The temperature control point was taken from
the thermocouple located at the bottom of the chamber. The output of the PID was sent to
a HP power supply directly to provide heating via the coils. The TE device, when turned
on, was running at both heating and cooling modes, which are controlled via an
exponential relationship based on the temperature difference between the set point and
measured temperatures. The controller was connected to a PC that was running a custom
graphical user interface.

A two-step temperature cycle (94°C for 30 s and 70°C for 60 s) was used to
evaluate the thermal performance of the device. Figure 123 (a) shows the measured
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Figure 122: Meshing and Heat Distribution around the PCR chamber.

temperature when the device has active heating/cooling control, (i.e., heating coils and
TE device are turned on). The heating rate is approximately 2.4°C/s while the cooling
rate is around 2.0°C/s. When the device is controlled by heating coils only, (i.e., TE
device turned off), the heating rate is about 1.0°C/s while the cooling rate is
approximately 1.6°C/s.
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Figure 123: Profiles of heating and cooling cycles using on-chip heaters and coolers.

4.4.4 On-Chip Thermal Lysis and PCR

Escherichia coli cell lysis and the subsequent amplification of the released
genomic DNA segments were carried out using the described micro-chip. Approximately
two-thirds of an E. coli bacterial colony was collected and resuspended in 50 pL of sterile
H,O. This suspension was diluted 1:10 in a PCR reaction mixture containing 10 mM
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Tris-HCI (pH 8.3), 50 mM KClI, 1.5 mM MgCl,, 0.001% gelatin, 250 g/mL bovine serum
albumin, 200uM each deoxynucleotide triphosphate, 1.0 uM each primer, and 2.5
units/100ul AmpliTag DNA polymerase. The cell and PCR mixture, 1.5 uL, was loaded
in the micro reaction chamber. Chill-out™ liquid wax was topped on the solution to
prevent sample evaporation. The temperature program was initiated at 94°C for 1 min to
induce cell lysis. The analyte was then cycled between 50°C for 30 sec and 72°C for 30
sec. The primer set used to amplify a 346-bp segment of the E. coli lamB gene was
5-CTG ATC GAA TGG CTG CCA GGC TCC-3' and 5'-CAA CCA GAC GAT AGT
TAT CAC GCA-3'. The PCR product was visualized and compared with control reaction
through gel electrophoresis, shown in Figure 124,

Lane 1: DNA Ladder

Lane 2: Micro PCR in plastic device

Lane 3. Control PCR reactionin a
conventional PCR mstrument

Figure 124: PCR product compared with control reaction through gel electrophoresis.
4.5 Capillary Electrophoresis Device

4.5.1 Device Fabrication

Figure 125 shows the simplified microcasting process. First, patterns for channels,
reservoirs, chambers, and reactors are etched in a silicon wafer using a deep RIE system
(Specialty Technology Systems), (SFs:130 sscm, O,:30 sscm, C4Fg: 80 sscm, coil power:
800 Watts, and platen power: 600 Watts, 30 mins.). Next, a 1 pum-thick p-xylylene
(parylene-C) layer is vapor deposited on the patterned silicon substrate [127]. This thin
film serves as a release layer, which facilitates the separation between the casted material
and the wafer surface. The patterned silicon substrate is then used to create a mold by
joining it with a supporting plastic plate and teflon ring spacer. The mold assembly is
then placed between two aluminum molds as was shown in Figure 26. The mold is then
heated to 45°C for 8 hrs and filled with a low viscosity catalysed epoxy (EPOTEK 301-2,
EPOTEK 301-2 FL). In order to seal channels and reservoirs, a flexible transparent film
is laminated on top of the epoxy substrates.
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Figure 125: Process flow for fabricating the CE device.

The lamination process uses a desktop roll type laminator (Kepro Circuit Systems,
Inc. BLT 121-A) and a thin mylar film (2 mil, Monokote, Top-Flite, Inc.) is used to
laminate the plastic substrates. The substrate is first treated with acetone, and then the
film is laminated onto the substrate by passing it between two rollers. The process is
carried out at room temperature and at a feed rate of 2 ft/min. These structures show
excellent permeation barrier characteristics with water permeabilites P << 1.7 ul/cm2/day
at room temperature. When these capillaries are filled with sample there is no seeping
present at the bond interface. The separation channel is 3 cm long and the reservoir
dimensions are 5 x 5 mm?. The channels for sample introduction are 0.5 cm long. Figure
126 shows a fabricated capillary electrophoresis device.

Figure 126: Fabricated CE device. i
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4.5.2 Separation Results (HEC)

The fabricated capillary electrophoresis devices were used to perform separations
using a 0.5%(w/v) hydroxyethylcelluose (HEC) (MW 90,000-105,000) sieving matrix.
Approximately 3ul of the electrophoresis buffer (0.2g HEC, 4 ml of 1x TBE buffer, and
36 ml of distilled, DI water) was introduced in the analyte waste reservoir using a stiff
needle syringe. After the channels have filled completely due to capillary action, the
other reservoirs are filled with the buffer and the analyte reservoir is filled with 0.5x TBE
(1X Tris-borate EDTA). Pre-electrophoresis was done by applying 300 V/cm across the
separation channel for 10 minutes and keeping the analyte and analyte waste reservoirs at
a potential of 0 V. This is done to produce a concentration gradient in the HEC while
increasing the concentration of HEC in the column above 0.5%. Approximately 2ul of a
DNA sample labeled with SYBR Green | at an intercalating ratio of greater than 1:5,
dye:DNA bp is loaded into the injection reservoir. Samples were then separated under an
electric field of 110 V/cm in a distance of 3 cm. Figure 127 shows the DNA plug and
separations obtained using the plastic capillary electrophoresis devices. The plastic has
very low background fluorescence and does not interfere with the fluorescence of the
DNA bands.

Saparation
Channel ™
T

Injection
/ Channel

Separation
Channe!

_ DNA
# Bands

Figure 127: DNA plug and separated bands (HEC).

4.5.3 Separations results (UV gels)

Though satisfactory results were obtained and it was shown that electrophoretic
separations can be done in devices made of cast epoxy, the resolution of the bands
obtained needs to be improved. In order to achieve this, separation was done again using
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the same devices but the sieving matrix was replaced by polyacrylamide. Controlled
polymerization only in the separation channel was obtained using UV initiated cross
linking, once the gel in the separation channels is polymerized the unpolymerized gel can
be removed and filled with 0.5X TBE. The DNA is loaded in the injection channel and it
diffuses everywhere except into the separation channel. Voltage (60 V/cm) is applied
across the separation channel, and DNA slowly moves into the separation channel. Once
there is a sufficient DNA plug in the separation the voltage is reduced to zero and the
remaining DNA in the injection channel is removed and 0.5X TBE is added. Separation
is now done at 120 V/cm with the small DNA plug captured during the initial procedure.
The resolution of bands obtained using UV initiated poly acrylamide is of better quality
than the HEC sieving matrix. The bands however are not very sharp and tend to diffuse,
but resolution is good enough to identify 100 bp bands. The results are shown in Figure
128.

DNA Plug

500bp 300bp  100bp

600bp  400bp 200 bp

Figure 128: DNA plug and separated bands (UV gels).
4.6 Laminar Flow Patterning of Protein Doped Conductive Polymers
4.6.1 Electrode Fabrication

The devices were fabricated using the epoxy casting technique to provide a low
cost but high quality platform for cell culture applications. These substrates are extremely
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cheap and easy to fabricate and can be used for single assay use. The device consists of 2
substrates bonded to each other. The bottom substrate is made using EPOTEK 301-2 FL
(Epoxy Technologies). This epoxy is optically clear and has no background auto
fluorescence. A blank epoxy substrate is fabricated using the casting technique and a thin
layer of parylene C is deposited to improve gold adhesion. A 200 nm thick layer of gold
is then evaporated onto the substrate and photolithographically patterned into electrodes.
Figure 129 shows a picture of the fabricated electrodes. The working electrode is 300 um
wide and has a working length (area for deposition) of 900 um. The counter electrode is
1 mm wide and 900 um long. The counter electrode is made significantly larger than the
working electrode to aid the electro polymerization process. The substrate processing is
similar to conventional photolithography techniques except that the soft bake is done for
40 minutes at 60°C, which is the T, for this epoxy.

. . s
Figure 129: Fabricated electrodes

4.6.2 Channels for Laminar Flow Patterning

The channel structures are made on a separate substrate, which is also made using
the epoxy casting technique. The epoxy used is EPOTEK 310 (Epoxy technologies). This
epoxy is an elastomer and has a Ty below room temperature. The fabricated, shown in
Figure 130, device has three inlet channels, which feed into one wider channel that
enables the flow of 3 different liquids through the 3 inlet channels resulting in laminar
flow of 3 streams in the main channel. Mixing of different fluids in the laminar flow
regime is only due to diffusion, which is significantly small. By creating a stream of
polyelectrolyte flanked on either side by an inert liquid ECD can be achieved on an area
defined by the stream of polyelectrolyte thus enabling precise patterning and
incorporation of proteins into PPy. The smaller channels are 300 um wide and the large
channel is 900 um wide. The soft epoxy substrate seals reversibly to the other substrate
with electrodes without the use of any adhesive resulting in a completely bonded device.
Colored liquids are used to demonstrate laminar flow, shown in Figure 131.
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Figure 131: Laminar flow demonstration in fabricated channel structure

5.0 Conclusion

Technologies for fabricating plastic MEMS have been developed and are
presented in this report. Surface micromachining of thin polymer films has led to the
implementation of microactuation based on the thermal expansion of thin paraffin films,
which is an attractive solution for microfluidic valve applications. Active microfluidic
valves for controlling the flow of both liquid and gaseous samples have been developed
and presented. First, a blocking microvalve used for valving gases has been reported.
Low leak rates and roughly linear flow rate with applied voltage have been achieved. An
active inline microfluidic valve has been developed for liquids in a microchannel. Finally,
an active micropump has been demonstrated using the paraffin actuation technology and
structure with low dead volume.

Technology for fabrication of high quality, cheap, disposable polymers has been
shown to implement a variety of microanalytical systems, including a micro PCR system
and CE system for amplifying and separating DNA, respectively. Demonstrations on how
to integrate complexity into plastic based systems is shown using two techniques, sub-die
embedding and surface micromachining. Techniques for cellular micropatterning are also
shown using electrochemical deposition of conductive polymers doped with extracellular
matrix proteins.
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